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High-precision instrumental neutron activation analysis has 
been used to determine Al, Na, Mn, Sc, Cr, Fe,  Co, and Ni in a 
These suite of more than 500 chondrules from 26 distinct meteorites. 
meteorite specimens represent the H, L, LL and C chemical classes 
and most of the petrologic types.  In addition radiochemical activation 
analysis has been used to determine K, Rb and Cs in a suite  of chon-
drules from the LL chemical class. To a limited extent trace element 
data on individual chondrules were correlated with petrographic obser-
vations on the same chondrules. 
I.  In general it was found that the siderophilic elements Fe, 
Co, Ni and Ir are depleted in chondrules compared to the whole chon-
drite.  The lithophilic elements Na, Mn, Sc, Cr and Al are generally 
enriched in chondrules compared to the whole chondrite.  In contrast 
to the other lithophilic elements, Rb and Cs are generally depleted in 
the chondrules.  Both major and trace elements may exhibit multi-
modal population distributions for the chondrules sets. 
Redacted for PrivacyII.  Petrographic observations of the same chondrules for 
which trace element contents were determined by INAA suggest that 
the trace element distribution may be consistent with the mineral 
assemblages except for a positive Ir-Al and Al-Sc correlations which 
occur in many chondrule sets.  Correlations between chondrule mass 
and Al, Na, Sc, Co, Lr and Cu contents were observed for certain 
chondrule sets. 
III.  Chondrules from the H and LL groups appear to exhibit 
consistent compositional variations in going from low petrographic 
grades to high petrographic grades.  The variations are observed most 
readily for an increasing Al-Na correlation coefficients and decreasing 
Mn-Na correlation coefficients with increasing petrologic types. A 
decrease in the dispersion of Mn and Na was also observed with in-
creasing petrologic types. Na contents in the chondrules increase as a 
function of petrologic type.  These observations are interpreted as 
indications of increasing equilibration of the chondrules with their 
matrices. 
IV.  It appears that there are slight chemical differences between 
the Vigarano and Ornans subgroups as defined by Van Schmus  (1969). 
This work supports the conclusions of Van Schmus and Wood (1967) 
and Van Schmus (1969) that the C2 and C3 groups are not generally 
related to one another by thermal equilibration processes while 
Karoonda may be a product of thermal equilibration of material similar 
to the Ornans subgroup. V. The Ni/Co ratio was found to be variable within chondrules 
from the same meteorite; for example, the range in Ochansk chon-
drules is from 10 to 60. 
VI.  Theories concerning the origin of chondrules are discussed 
in the context of the elemental abundances and correlations observed 
in this study. 
a.  Some chondrules may be produced by volcanism or  impact 
on a homogeneous magma but they are not believed to be the main 
mechanism of production due to the chondrule  inhomogeneity and the 
Al-Sc and Al-Ir correlations. 
b.  The constrained equilibrium theory appears to be inconsistent 
with the positive Al-Ir and Al-Sc correlations and with the mass ele-
ment correlations observed for Cu, Al, Sc and Ir. 
c.  Some chondrules may have been produced by impact onto  solid 
rock but this mechanism does not appear to be able to produce the 
necessary chemical fractionation observed in some chondrules. 
d.  The chemical data is consistent with the remelting of pre-
existing dust in the solar nebula.  The remelting appears to have 
occurred during terminal stages of the metal silicate fractionation or 
by a preferential melting of silicate material.  The chondrules pro-
duced in any one event were apparently mixed with chondrules from 
other events and finally incorporated into the parent body. Additional 
chondrules may have been produced by impact during the terminal stages of accretion.  The chemical evidence then suggests that some 
of the chondrules equilibrated with the matrix material of their parent 
body. 01971  
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I.  INTRODUCTION 
This study of elemental abundances in chondrules was  motivated 
by the hypothesis advanced by Wood (1963) that chondrules may 
represent condensates from the solar nebula.  Blander and Katz 
(1967) and Blander and Abdel-Gawad (1968) have supported this hypoth-
esis.  Larimer (1967), Larimer and Anders (1967, 1971), and Wood 
(1965) hypothesize that chondrules resulted from the melting of pre-
existing dust.  Urey (1952, 1967), Fredriksson (1963) and Fredriksson 
et al. (1970) believe chondrules are a result of impact; Dodd (1969) 
concurs that at least some chondrules are the result of impact. 
Fredriksson (1963, 1969) and Fredriksson and Ringwood (1963) have 
postulated that some chondrules are a result of volcanism and others 
form in situ. 
In an attempt to resolve some of this confusion Schmitt, Smith 
and Goles (1965) analyzed 218 individual chondrules for Na, Mn, Cr, 
Sc, Co, Fe, and Cu.  Schmitt and Smith (1966) continued this study 
and analyzed about 330 additional chondrules.  They separated a total 
of about 550 chondrules from 28 chondrites.  They were unable, how-
ever, to resolve this conflict in interpretations due in part to imprecise 
determination of Fe, Sc, Co, and Cr abundances which resulted from in-
strumental limitations. These investigations were  conducted using NaI(T1) 2 
detectors which were unable to separate the Fe, Sc, and Co peaks in 
the 1 Mev region.  Consequently, spectrum stripping was employed. 
The determination of Co was made using the 2.50 Mev  60 Co sum peak. 
Large background fluctuations in this region during long counting per-
iods introduced large uncertainties in the Co determination (R. H. 
Smith, personal communication). Thus when the Co interference 
was subtracted from the Fe large uncertainties were introduced into 
the Fe. A second correction to Fe was made to remove 
45 Sc inter-
ferences. An Ir interference was also present in some Cr determina-
tion which could not be effectively corrected for.  Schmitt et al. (1967) 
after the determination of Si in the same set of chondrules suggested 
the observed bimodal Si distribution may have originated from two 
different sources in the solar nebula or from a  single source but 
developed under varying temperature-pressure conditions. However, 
once again the arguments were inconclusive and resulted in part from 
an imprecise determination of Fe. 
Four major premises guided this investigation.  First, it was 
necessary to obtain high precision analytical data on a large number 
of chondrules. Second it was desirable to obtain information concern-
ing the distribution of the elements within the same individual chon-
drules.  Related to this was the desirability of understanding the 
partitioning of the elements between the mineral phases in the chon-
drules and the distinction between correlations expected on a geochemical basis and those arising from  cosmochemical fractiona-
tion.  Third, it was necessary to distinguish systematic variations 
between chondrules from various petrographic classes and to estab-
lish a mechanism or mechanisms which would alter their initial compo-
sition.  Finally, the analyses were to be related to the various hypothe-
ses for chondrule formation and if possible it was intended to eliminate 
those which were inconsistent with the observed composition properties. 
I wish to emphasize that this is a study on elemental abundances of 
individual chondrules and is, of course, limited since the minerology 
of the 500 chondrules studied are not individually known.  This limita-
tion is recognized and has been dealt with to a limited extent in Chapter 
5.. 
The text of this thesis begins with a discussion of the sample 
selection and analytical technique. The third chapter is a summary of 
the analytical data.  Means, modes and correlations are presented in 
this section for the individual chondrule sets and the various chemical-
petrographic groups.  The fourth chapter relates the elemental compo-
sition to the observed correlation coefficients and mineral assemblages. 
Chapters 6 and 7 discuss the variation between petrographic grades and 
the relation of the compositions to the origin of chondrules.  The final 
chapter summarizes the investigation and suggests additional work. 4 
II.  EXPERIMENTAL 
Selection of Chondrules 
The initial selection and preparation of chondrules was made by 
Dr. R. A. Schmitt and the late Mr. R. H. Smith  The selection pro-
cedure and sample preparation are described in General Atomic re-
ports and by Schmitt et al. (1965).  Additional chondrules were gifts 
to the author by Ron Laborde from the meteorite collection of the 
late Dr. David Tilles.  The samples from the Tilles collection were 
used predominantly to make composite chondrule samples of different 
mesh sizes.  These chondrules were received in sealed vials and 
were originally destined for rare gas analysis; therefore, it was felt 
they were free of contamination. Many of the chondrules were appar-
ently originally separated by Dr. Brian Mason (Ron Laborde,  personal 
communication).  About 50 individual chondrules from the Tilles col-
lection were added to the individual chondrule set selected by Schmitt 
and Smith.  These chondrules were selected for their size, unambigu-
ous identification as chondrules  and lack of adhering matrix material. 
The composite samples were divided into groups on the basis 
of size and magnetic properties.  The chondrules were separated 
into a magnetic and nonmagnetic fraction by a hand magnet.  They 
were sieved through standard mesh screens  (0.30 to 0.60 mm, 0.60 5 
to 0.84 mm, 0.84 to 2.0 mm and > 2 mm.) of stainless steel.  Dur-
ing these operations great care was taken to prevent contamination. 
The various size fractions were sorted under a microscope and 
fractured chondrules or chondrules that appeared anomalous were 
rejected from the composite samples. 
Instrumental Analysis 
The instrumental neutron activation techniques  used in this 
study are those described by Schmitt et al. (1970),  for Si, Al, Na, 
Mn, Cr, Fe, Sc, and Co.  The basic procedure of Loveland et al. 
(1969) was used for determination of Al.  Ca and V were determined 
by the method developed by Wakita et al. (1970).  Nickel was deter-
mined following the method of Vobecky et al. (1971).  Figure 1  is a 
flow diagram showing the overall analysis scheme used in this work. 
Table 1 summarizes the elements determined instrumentally, 
nuclear reactions involved, gamma ray lines observed,  possible inter-
ferences, detector type, irradiation conditions, and counting times. 
There are several minor modifications added to the procedures 
given above for this work. These modifications arise from the small 
sample size and involve two primary considerations, geometry 
changes for both activation and gamma ray spectrum accumulation 
and the increased activation times and higher fluxes necessary to 
obtain appropriate activity levels. These modifications and operational 6 
Chondrult Sample 
Fast Neutron Generator 
28Si(n, p)28A1 
TRIGA REACTOR Pneumatic Transfer System 
27  28
A1(n,  Al 
TRIGA RFACT R Rotating Rack 
23Na(n,/ )
24
Na 
55  Y)56
Mn(ni  Mn 
TRIGA REACTOR Pentunatic Transfer System 
48Ca(n,Y) 9Ca 
52 Y)53V
V(n  
High Neutron  1ux Activation  
58Fe(n, v)59Fe  
45Sc(n, y)6Sc  
59Co(n, 1)60Co  
191 192  
Ir(n, N)  Ir 
58  
)58Co 
10 mg amples 
for Radiochemistry 
NaOH Fusion. 
HC1 
Solution  % ml for atomic absorbtion 
count again for Fe, Sc, Co, Cr, Jr 
NaOH 
K +, Rb , Cs+ 
TPB  
+, +  + 
(K  Rb  , Cs  )TPB 
Figure 1.  Flow diagram of analytical procedure. V 
Table 1.  Summary of instrumental neutron activation analysis . 
Element  Reaction 
Na 
Mn 
Al 
Si 
Ca 
Fe  
Sc  
Co  
Cr  
Ir  
Ni  
23Na (n, y.)24Na 
55  56 
W(ns 'Y )  mn 
27
Al(n, y).28Al 
28 
Si(n,  p128A1 
48 
Ca (n, y)49Ca 
52V(n,N153V 
58  59 Fe(n, y) Fe 
45Sc(n,y )46Sc 
59Co(n,  60
y) Co 
50  y)51
N)  Cr Cr 
191 192Ir
Ir(n,y )
58
Ni(n, p j58Co 
Observed t 1/ 2 
Gamma Ray 
Energy (Key) 
15.0 h  2754 
2.8 h  847 
2.3 m  1779 
2.3 m  1779 
8.8 m  3084 
3.75 m 1434 
45 d  1095, 1292 
83.9 d  889, 1120 
5. 2 y  1173, 1332 
27.8 d  320 
74.2 d  468, 308 
71.3 d  810.3 
Interferences 
Si 
28(n,y)A1 283.  
Mn55(n, y)Mi15°  
28 
A127(n, N)A1 
160
Tb(1178) 
192
Ir ( 316. 1) 
Eu152 (810. 7) 
Detector 
Type 
Nal (T1) 
Nal(T1) 
NaI(Tl) 
Nal ( T1) 
40 cc Ge(LI) 
40 cc Ge(LI) 
30 co Ge(Li) 
30 cc  Ge(Li) 
.30 cc  GE(Li) Li ) 
3.6 cc Ge(Li) 
3.6 cc Ge(Li) 
30 cc Ge(Li) 
Flux 
Neutrons 
(per sec-cm2) 
11
4x10 
11 
4x10
11
4x10
10
1x10
12
1. 2x10
1.2x1012 
1.4x1014 
1.4x1014 
1.4x1014 
1.4x1014 
1.4x1014 
1.4x1014 
Activation 
Time 
20 min 
20 min 
60 sec 
90 sec 
15 min 
15 min 
200 hr 
200 hr 
200 hr 
200 hr 
200 hr 
200 hr 
Count 
Time 
After EOB 
24 lus 
4 hrs 
90 sec 
90 sec 
10 min 
10 min 
4 wks 
4 wks 
4 wks 
4 wks 
4 wks 
4 wks 
Count  
Length  
4 to 10 min 
4 to 10 min 
1 min 
1 min 
800 sec 
800 sec 
100 to 40000 sec 
same 
same 
same 
same 
same 
-4 8 
procedures are discussed below for each element determined. 
Silicon 
The abundance of Si was determined using the OSU 14-MeV 
neutron generator by the production of 
28 Al from the reaction 
28  28 Si(n, p)  Al.  Extreme care was taken to insure a uniform activa-
tion and counting geometry by placing the chondrules in a half dram 
polyethylene vial which had been cut down so the chondrule was held 
securely.  Metallic Si (99. 99% pure) was found to be the only suitable 
standard.  Other standards absorb moisture and presented difficulties 
in obtaining the proper geometry relative to the chondrules. 
A chondrule and a Si standard approximating the weight of Si 
in the chondrule were transferred by using a pneumatic dual transfer 
system.  These were activated simultaneously for 60 to 90 seconds, 
depending on the chondrule size, in a dual irradiation head. Accumu-
lation of the gamma ray spectrum begain simultaneously for both 
standard and sample 90 seconds after activation.  Two NaI(TI) detectors 
were used, coupled with two TMC multichannel (400) pulse height analy-
zers, which were electronically gated and recorded the spectra for one 
minute  The 90 second delay allowed the 7.4 sec 
16N  from the 
16  16 0(n, p)  N reaction to decay, thereby reducing the Compton 
background in the 1780 key region.  Great care was taken to insure 9 
that the dead times of both analyzers were precisely matched.  The 
samples and standard were rotated around two axes (,--,60 rpm) during 
activation and one axis while counting.  In general, 3-7 analyses were 
made per sample.  Results for Si in standard U. S. G. S. rocks were 
obtained which were consistent with literature value (see Appendix  IV). 
In addition chondrules previously analyzed by Schmitt and Smith (1965) 
and Schmitt et al. (1967) were re-analyzed and the results are given in 
Table 2.  The values reported in this study are believed to be within 
5% of the true value based on the above comparisons. 
Table 2.  Typical results for Si determination 
Chondrule wt (mg)  Si(%) a  Si(%), this study 
5.26 
14. 86 
100. 8 
20.3 
15.0 
20.3 
19.2,  19.8 
15.8,  15.9, 
20.3,  21.4, 
16.6 
19.4 
aSchmitt and Smith (1965) 
Aluminum 
The basic procedure used in this portion of the analyses was 
developed by Loveland et al. (1969). Application of this method to very 
small samples presented problems associated with the activation geome-
try. A solution to these problems was found by packing the samples in 
shortened polyethylene vials as described in the silicon section. 10 
These were placed in a two dram polyethylene vial with a spacer to 
fill the two dram vial.  The two dram vial was placed inside a poly-
ethylene "rabbit" container followed by a spacer, and activated in the 
OSU TRIGA reactor for 60 seconds.  After activation the chondrule 
was removed from the rabbit and transferred to a new vial for gamma 
ray spectrum accumulation.  The transfer of the sample was neces-
sary because small metallic inclusions are often present in the vials. 
A subtle but significant effect arises from the power drift of 
the reactor during operations due to poisoning of the reactor by 
fission products.  Copper flux monitors may be included with each 
rabbit to compensate for the drift.  Alternatively, the problem may 
be avoided by doing the analyses in the morning before the reactor 
has been operated at high power, thus avoiding the accumulation of 
the fission product poisons. 
Several corrections are necessary on the 1780 key photopeak 
of  28A1.  The 1810 key gamma ray contribution of  56Mn is subtracted 
using the ratio of the 845 key gamma ray to the 1810 key line by 
activating a Mn standard. A second correction was necessary to 
remove interference from the fast neutron reaction  28Si(n, p)28A1. 
The average correction introduced by the Si and Mn interferences 
was 7%.  The Si abundances for a large number of chondrules used 
in this work were previously determined by Schmitt and Smith as 
reported in GA reports.  Other values were determined by the author. 11 
Where values were not available for individual chondrules, the 
average value of the appropriate chemical and petrographic class 
was used.  Table 3 gives typical results of multiple analyses of 
the same sample and the associated standard deviations.  The results 
for the standard rocks were consistent with the literature values and 
are given in Appendix IV. 
Table 3.  Typical results of multiple Al analyses, 
Weight (mg)  No. of Analyses  % Al  a-
0. 535  10  1.24  *0.04 
1.276  3  1.64  *0. 03 
40. 20  3  1.00  *0. 02 
The reproducibility is believed to be within *4% for all cases and 
within ±2 or 3% for the larger samples ( > 1 mg). 
All Al values for the specimens were calculated using a com-
puter program originally written by Dr. W. D. Loveland and subse-
quently modified by the author for use with a remote computer ter-
minal and data files for rapid data analysis. 
Sodium and Manganese 
The procedure used in this section was essentially identical to 
the procedure used by Schmitt and Smith and described in the GA 
reports.  The neutron flux and activation times were reduced since Na 12 
and Mn were the only elements to be determined in these activations. 
A carefully measured drop of the Na and Mn standard solutions approx-
imating the size of a chondrule, was evaporated on a cap of a half 
dram polyethylene vial. Mn was determined by the 845 key photopeak 
of 
56Mn about 4 hours after activation.  Gamma ray spectra were 
obtained with the sample in the well position of a 7.6 cm x 7.6 cm 
Duplicate determinations were made in most cases. NaI(T1) detector. 
Procedures necessary for precise determination for both these ele-
However, it ments have been discussed in detail by Osborn (1967). 
should be emphasized again that a minimum of 20 minutes in the 
rotating rack is necessary to homogenize the neutron flux and the 
rotating rack must continue to rotate at least 5 minutes after the 
reactor power is terminated.  Several sets of chondrules were 
analyzed using a 30 cc Ge(Li) detector.  These results were more 
reproducible than those obtained by using a NaI(T1) detector.  Conse-
quently, it is recommended that Ge(Li) detectors  be used for future 
determinations. 
Replicate analyses of approximately 150  chondrules originally 
analyzed for Na and Mn as reported in the GA reports showed 
agreement within 3%.  Occasionally, for the smallest chondrules, 
this investigator found considerably more Na present (10%) than 
previously reported.  This increase was attributed to Na contamination 
resulting from sample handling over the past six years. The actual 13 
amount of Na contamination amounted to nanograms.  It is believed 
the values reported, both those determined by Schmitt and Smith and 
by this investigation, are in general accurate at the ± 3% level. 
Calcium and Vanadium 
The technique used in these determinations was developed and 
discussed by Schmitt et al. (1970b).  The pneumatic rabbit transfer 
system of the OSU TRIGA reactor was used for the activation.  Activa-
tion conditions are summarized in Table 1.  A 40 cc Ge(Li) detector 
coupled to a ND 2200 multichannel analyzer was used for gamma ray 
spectrum accumulation. Sample packaging and procedures involved 
in rabbit activations were discussed in the aluminum section. 
Appendix IV gives the results of replicate analyses of USGS 
standard rocks.  Duplicate and in some cases, triplicate, analyses 
were run for more than half the samples reported.  The errors are 
reported in the data tables and are believed to represent reasonable 
estimates of the uncertainty in the determination. 
Iron, Scandium, Chromium, Cobalt,  Iridium,, and Nickel 
The procedure used in this set of analyses was reported on by 
Schmitt et al. (1970) with the exception of the procedures for Ni and Ir. 
Gamma ray energies and possible interferences were evaluated from 
the work of Gordon et al. (1968).  The analysis of Ni was conducted 14 
by following the procedure of Vobecky et al. (1971).  The nuclear 
reactions, gamma ray energies, and activation conditions are sum-
marized in Table 1. 
Each group of chondrules was packaged together in ultrapure 
Al foil containing a small Fe wire as a flux monitor.  The flux moni-
tors weighed approximately one milligram.  Composite standards of 
Fe, Sc, Co, and Cr were placed in a Supersil quartz vial and an Ir-Fe 
standard was placed in a second quartz vial.  The solutions were evap-
orated to dryness and the vials heat sealed.  The vials were wrapped 
in Al foil along with an Fe wire flux monitor.  Activations were made 
in the K reactor at Hanford, Washington, the high flux reactor at the 
University of MissouriAnd the largest of the chondrule samples were 
activated in the OSU TRIGA reactor.  The facility at the University 
of Missouri presents special problems due to a thermal flux gradient 
approaching 7% per cm.  Great care must be taken to assure the 
proper placement of flux monitors with standards and samples. 
After each activation the individual chondrules and flux monitors 
were reweighed with a CAHN Electro microbalance and the Fe wire 
flux monitor was rolled into a ball which simulated an average 
chondrule.  The chondrules and the Fe flux monitors were then 
placed in a machined polypropylene vial with a small opening holding 
each chondrule in a highly reproducible geometry.  This vial was 
held firmly in a machined plastic holder which fit over the top of the 15  
Ge(Li) detector.  In order to minimize any geometrical variations, 
chondrules were elevated from 6-30 cm above the surface of the 
detector.  The gamma ray spectra were accumulated on a 3. 6 cc 
Ge(Li) detector coupled to an ND 2200 multichannel pulse height 
analyzer with 2048 channels.  The resolution of the counting system 
was sufficient to separate  the 316.1 key 
192 Ir photopeak and the 
320 key  51 Cr photopeak so that the Ir interference for the Cr  deter-
mination was less than 1% in most cases. 
Calculations of Fe abundances were made directly from compari-
sons of the Fe flux monitors to the samples. The calculations of Ir, 
Sc, Cr, and Co abundances were made by determining a counting 
geometry factor for a composite standard containing Fe and comparing 
it to the Fe flux monitor which had been wrapped around the chondrules 
during activation.  This technique cancelled out differences in the count-
ing and activation geometry between standards in the vial and the 
sample.  J. Barrette et al. (1971) have noted that a strict normalization 
of geometry using one gamma energy is not necessarily valid for 
another gamma ray energy.  This effect was determined to be negligible 
for the conditions of this experiment.  Figure 2 is a gamma ray spec-
trum taken on a 30 cc Ge(Li) detector approximately 3 months after 
activation.  Notice that the Ir- Cr photopeaks are not resolved in this 
spectrum.  
The Fe, Sc, Co and Cr composite standards were made by  1
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mixing accurately measured quantities of standard chemical solutions 
in proportions that simulated the composition of a chondrule.  The Ir 
standard was prepared by dilution of a Scientific Product standard 
which was then compared to Ir standards obtained from the labora-
tories of Professors E. Anders and J. Wasson. 
The Ni standard was a 0.05 ml aliquot of a standard solution 
made by Scientific Products containing 1 mg/ml and placed in ultra-
pure quartz vials.  The aliquot was measured using a Hamilton 
microsyringe with a precision of  1/2%.  After the solution was 
evaporated, the vial was sealed and wrapped in ultrapure Al foil 
along with an Fe wire flux monitor.  After activation the vial was 
opened and the Ni was dissolved using HNO3-HC1 solution containing 
2 mg of Ni carrier.  The removal of solution from the vial was quan-
titative with the vial showing no remaining 
58 Co activity.  This solu-
tion was then diluted to 25 ml and a 0.100 ml aliquot was taken and 
evaporated on a lid of a 1/2 dram polyethelene vial; the drop size 
simulated the size of a chondrule. A gamma spectrum was then 
obtained with the standard in the same position as the chondrule. 
The neutron flux was normalized from the activity of the Fe wire 
flux monitor. 
Different Fe wires of varying sizes simulating different chon-
drules had specific activities which agreed to ± 1/ 2,% when counting 
statistics were at the  *1/2 0/0  level.  Counting statistics for over 18 
99% of the Cr, Sc, and Fe determinations were at the one percent 
level.  Counting statistics for Co were ±4% for small  chondrules 
(0.5 mg) with low Co abundances (25 ppm).  Approximately 95% of 
the Co analyses had counting statistics of ±1%.  It is believed that 
essentially all Co values can be considered to be good at the ±3% level. 
The Ni values have counting statistics quoted and  should be consid-
ered within ±5% of the true value unless counting statistics exceed 
that margin; the counting statistics should give an adequate estima-
tion of the precision of the analysis.  The abundances were calculated 
by a computer program written by this investigator.  Compton back-
grounds were subtracted by averaging from 2 to  10 channels on either 
side of the photopeak. 
Radiochemical Procedure 
The basic chemical procedures used for this portion of the 
study are well established, with only minor modifications being 
made. The procedure for the analysis of K, Rb, and Cs were adopted 
from the procedure of Rey et al. (1970).  Table 4  indicates the 
parameters involved in the determinations.  Following the previously 
discussed analyses a short 2 hr activation was made in the central 
thimble of the OSU TRIGA reactor (4)-...10 
13  neutrons /sec -cm2). 
A K standard was included as well as a new Fe flux  monitor.  The 
42K activity from the high flux activation had decayed to undetectable 19 
levels.  
Table 4.  Summary of radiochemistry, 
Element  Product 
nuclide 
Time counted 
after EOB 
(Key) 
Gamma ray 
Detector type  Method of 
yield 
energies used  determination 
K  42K(12.4 h)  few hours  1525  NaI(T1), Ge(Li)  Reactivation 
Rb 
86Rb(18. 7 d)  1-4 weeks  1079  Ge(Li) 
137
Cs tracer 
134Cs(2.05 y) 1-4 weeks  797, 605  Ge(Li) Ge(i)  Cs tracer 
Sample dissolution was made by using a NaOH fusion.  This 
First, NaOH is considerably fusion was chosen for three reasons. 
purer than the sodium peroxide used by Rey et al. (1970).  Second, 
this type of fusion is much safer and does not require such close 
attention. A reduced degree of sample handling during fusion is 
advantageous for three reasons;  1) It allows multiple (,..6) fusions 
to be carried out simultaneously; 2) It reduces the exposure of the 
analyst to radioactivity (an important consideration considering the 
high dose rates); 3) The NaOH fusion does not require crushing of 
the sample--a major hazard when working at high levels  of activity. 
The samples were heated in covered Ni crucibles  with 500-1000 
Trig of NaOH at low temperatures for about 30 minutes, then heated 
After cooling, warm until the crucible was red hot for 10 minutes.  
water was used to dissolve the hydroxide cake followed by 2M HC1.  20 
Washing continued until the crucible showed only a few thousand 
counts on a GM counter.  The hydroxide mixture was heated with 
HC1 until it became clear (acidity was greater than 1  M), and then 
reduced in volume, if necessary, by heating and finally diluted to 
100 ml in a volumetric flask. A 5 ml aliquot was  then extracted for 
Mg determination.  The supernate was treated as discussed by Rey 
et al. (1970) using only a single tetraphenyl borate precipitation, with 
four mg of K carrier, keeping the volume less than 100 ml.  A pH 
of 8.5 was used for the precipitations.  This gives the optimum pre-
cipitation conditions (H. Wakita, personal communication).  The spec-
trum of 42K was obtained using both a Nal (T1) well type detector and 
a 40 cc Ge (Li) detector.  Replicate determinations were made using 
the NaI(T1) detector separated by several hours. By using a 
137 Cs 
tracer for the chemical yield determination the Rb and Cs were 
determined exactly as described by Rey et al. (1970). 21 
III. SUMMARY OF ANALYTICAL DATA 
The author at this point wishes to emphasize that he did not 
personally determine all of the data discussed in this section,  but 
drew heavily from the analyses made by Schmitt and Smith  and 
reported in the GA progress reports from 1962 to 1966.  The 
abundances of Cu are drawn exclusively from these reports,  the 
majority of Na, Mn and Si abundances is from these reports. 
The discussion of the chondrule analyses is divided into groups 
representing the chemical and petrographic grade of the meteorites 
from which the chondrules were obtained.  The chemical classifica-
tion of the chondrites was originally developed by Urey and Craig (1952), 
on the basis of total Fe content and the degree of oxidation, especially 
as indicated by metallic Fe present.  Van Schmus and Wood (1967) 
expanded the classification and developed a petrographic scheme  indi-
cating the degree of equilibration of phases within the meteorite.  The 
degree of equilibration is rated from 1 to 6, with 6 representing the 
highest degree of equilibration. 
Statistical Considerations 
The following formulas from Parrat (1961) were used for the 
calculations. 22 
n  
w i=1
Means:  m  = 
w. 
i=1 
where w. is a weighting factor.  The weighting factor was unity for 
the simple means and 
1  where a- is the estimated error of the 
2 
a--
abundance as determined from replicate analyses.  Counting statistics 
were used to estimate the error of a single determination only for Cu 
and Ir.  The other elements were weighted by 2 to 4% of their 
abundance depending on the element determined and the sample size. 
Since the error estimated for the individual determination is dependent 
to some extent on the abundances in the chondrule,  the error weighted 
mean is shifted toward lower abundances and toward the most probable 
value. 
The grand mean represents the mean of all chondrules from a 
given chemical or petrographic set.  This mean was calculated using 
the same formula as given for the mean of a given chondrule set 
allowing x, to be the mean of the sets of chondrules. 
It is important to realize that the mean is most useful,  and in a 
sense valid, only when considering a normally distributed population. 
Most elemental abundances in chondrules,  however, are not normally 
distributed; therefore, the mean and the mode do not in general coin-
cide.  It appears that the elemental abundances in chondrules may be 22a 
in any specific case normally,  lognormally o r gamma distributed; 
Some elements may have bimodal distributions.  For this reason histo-
grams were made for each set of chondrules studied and summary 
histograms have been included in Appendix II.  The discussion and 
conclusions resulting from the analyses are based not only on the mean 
abundances but also on the most probable value of the distribution and 
the shape of the distributions.  Thus, when in the text I refer to the 
"mean ", the simple arithmetic mean is meant,  and when referring to 
the error weighted mean the text specifies "the error weighted mean" 
or "weighted mean". 
The population standard deviations for the mean and the grand 
mean were determined by the following formula. 
n  1 / 2 
2i (x.-mw,2w. ) 
w  i=1 
p  
21Wi. 
The population standard deviation (PSD) as calculated and 
reported here is generally applicable only to a normal distribution,  i.e.., 
that for Na. For highly skewed distributions (Ir) the PSD has little 
value and is only used as a very crude indication of 'the heterogenity 
observed between the individual chondrules.  A commonly used indica-
tion of the dispersion for a set of values  is to divide the population 
standard deviation by the mean. 23  w  
Dispersion = --2-- w 
The Students t test and histograms were both used to determine if 
the distributions belonged to the same population. 
The correlation coefficients were calculated by 
w.(x.- m )( y.- m ) 
x y 
r = 
2 w) 2  w,
w.( y  ) x  1 y 
where  w. = 
1 
2 
a-. 
1 
The correlation coefficients reported were weighted by the inverse 
square of the standard deviation.  For the majority of cases the 
weighted correlation coefficients and the unweighted correlation coeffi-
cients were essentially the same. The correlation coefficients for Ir and 
Cu are better estimated using the weighted correlation coefficients due 
to the large errors associated with most of the determinations. 
The significance levels of the correlation coefficients were 
determined from tables in Dixon and Massey (1957) and from Fisher 
and Yates (1963).  The confidence belts of the correlation coefficients 
were estimated from Table A-27 from Dixon and Massey (1957).  In 
some cases these parameters were calculated using the z transform 
as discussed in Dixon and Massey. 
Simple cluster analysis as discussed by Whitten (1963) and 
Krumbein and Graybill (1965) was used in certain cases to illustrate 24 
to each other.  The the relation of various correlation coefficients 
method simply connects those elements  correlating at a given signifi-
cance level by lines.  The strength of the correlation is indicated by 
the number of lines connecting the two elements. 
Factor analysis plots are also given for selected sets of data. 
Factor analysis is a statistical method which treats the chemical 
composition of each sample as a vector and resolves it into several 
component vectors, representing observed compositionally extreme 
end members (Q mode). The technique is described by Imbrie and 
Van Andel (1964) and reviewed by Manson (1967). Manson describes 
the technique as solving the following equation for F. 
X(N,  = A(N,  F(m, n)  E(N, n) n)  n) 
N = number of samples 
n = number of variables 
m = the minimum number of end members (m <n) into  which 
the raw data is restored. 
X(N, m) = matrix of data to be  analyzed 
= matrix of factor coefficients describing the analyses in A(N, m) 
terms of independent end members 
F(m, n) = matrix of factor measurements describing the composition 
of the m members 
= matrix of variation unaccounted for by A and F which is E(N 25 
minimized during the solution. 
The results of the factor analysis are  expressed in three or four end 
members actually representing  the composition of the chondrules. 
Appendix II presents histograms of abundances of Si, Al, Fe, 
In a few cases Mn, Cr, Sc, Co, Cu, and Ir for the chemical classes.  
histograms are also presented for Ca,  V, and Ni.  Histograms for  
each element for each set of chondrules  and cumulative frequency 
graphs were made and may be obtained from the author upon request. 
A linear relationship for a cumulative frequency graph implies a 
Breaks or sudden changes of slope normal (Gaussian) distribution. 
imply the existence of another population. Ahrens (1954, 1963, 1966) 
has indicated that trace elements are often lognormally distributed. 
A test for lognormality that has been used by Ahrens is to plot the 
cumulative frequency of occurrence against the logarithm of abun-
dance.  If the graph is linear the elements are distributed log-
normally. If there are sudden changes of slope the implication of 
multiple populations is present. 
Chondrules from the H Chondrites 
Throughout these discussions reference will be made to fre-
quency histograms,  and cumulative frequency graphs which may be 
obtained from the author upon request.  Correlation coefficients and 26 
summary of abundances  in chondrules from each chondrite may be 
found in Appendices I and II.  It is important that the reader under-
stand that the PSD quoted in the text and tables is for most elements 
only a crude indication of the heterogeneity chondrules population 
(see Statistical Considerations). 
Chondrules for H3 Chondrites 
Tieschitz is the only H3 chondrite from which chondrules were 
studied in this work.  Table 5 summarizes the results of the analyses. 
The frequency histograms and cumulative frequency graphs for the 
major elements Al and Fe indicate that the chondrule population is multi-
modal. Compared to the whole chondrite the modal abundance of Fe is 
lower by about 50% while Al appears to be enriched by about 50%. 
The Na frequency histogram clearly shows two distinct Na 
populations exist, one set being depleted in Na and the other set en-
riched compared to the whole rock. 
The Cr histogram shows that most of the Tieschitz chondrules 
exhibit abundances similar to the whole chondrite; the population ap-
pears nearly normal with skewing on the low end.  Sc appears to be 
uniformly enriched, while Cu and Co are  highly depleted.  No value 
for Ir was available for the whole chondrite but Ir shows a large 
variation with some chondrules being highly enriched and others 
The frequency being highly depleted, compared to other H chondrites. 
histogram indicates the Ir content centers at about 0.1 ppm with an 
extended high Ir content tail.  The cumulative lognormal diagram 
inciates that the Ir distribution is  bimodal. Table S.  Summary of 1-13 chondrule abundances (24 chondrules). 
Element. 
mass (rag) 
bSi(%) 
Al(%) 
Fe(%) 
b 
Ca(%) 
cNi(%) 
Na(ppm) 
Mn(ppm) 
Cr(ppm) 
Sc(ppm) 
Co(ppm) 
WPM') 
aCu(PPm)  
cV(ppm)  
a21 samples  
b  4 samples 
c 3 samples 
durey and Craig (1953) 
Simple mean 
2.42 + 3.45 
22.9 1 .8 
1.26 1 .68 
16.4 ± 11.7 
1.57 + . 07 
0. 67+ .34 
7510 + 4280 
2660 + 1550 
3510 ±860 
9.9 + 3.7 
270 + 410 
1.7 1 6.1 
2. 2 + 7.5  
144 + 20  
Error weighted mean 
0.78 +.84 
12.5 + 12.4 
2780 1 6440 
1700 + 1550 
3060- +9Z0 
8.3 +3.9 
20.3 +460 
0.21 + 6.3 
Loveland et al. (1969) 
fSchmitt et al. (in preparation) 
%man et al (1970) 
Greenland and Lovering (1965) 
Apparent mode 
20-22 
1. 2 -1.6 
14-18 
1.57 
0.08 
8000-9000 
3500-4000 
9-12 
20-40 
X0.1 
30-40 
132 
Average of bulk H chondrites 
17.1d 
1.01e 
26.8f 
1. 39d 
1. 7d 
5790 4 
2260d 
3810d 
7.44 
650d 
0.78g 
100 4 
h 69.2h 28 
The mean Ni abundance for the three composite samples appears 
low compared to the whole chondrite and centers at 0.67 ±. 34%. The 
Ni to Co ratio varies from 93 for the 0.30 to 0.67 mm diameter frac-
tion to 25 for the 2.00 to 0.84 mm fraction; the ratio for the inter-
mediate size fraction is 22.  The high ratio for the smallest fraction 
is very surprising. 
The Ca and V abundances  in the chondrules appear to be high 
The mean abundances are 1.57 ± .07% compared to the whole  rock. 
The Ca abundances appear to exhibit for Ca and 140 ± 20 ppm for V.  
a correlation with Al but the population size is so small it is not  
definite.  
The correlation coefficients (weighed by the inverse square 
of the estimated standard deviation of the  individual measurements) 
are given in Appendix II and are summarized at the 90% confidence 
level in Table 6. A weak negative mass-Al anticorrelation at the 90% 
Also, Al-Sc and Al-Co correlations significance level is significant. 
are present at the 99.9% significance levels. An almost perfect cor-
relation at the 99.9% significance level exists for the siderophile 
group, Fe- Co -Ir.  At the 99% confidence level a Na-Sc and  Na-Mn 
correlation exist.  There is an anticorrelation between Sc and Fe; 
Cr shows a correlation with Mn. 
The significance of these correlations and their abundance 
patterns will be discussed later. Table 6.  Correlations at the 90% significance level for H3 chondrules (error weighted means were used) 
aCu  Ir  Co  Sc  Cr  Mn  Na  Ft  Al  Si 
Wt  0  0  0  0  0  0  0  0  0 
bSi  0  0  0  0  0  0  0  ++  0 
Al  +  0  0  +  0  0  +  0 
Fe  0  +  +  0  0  0 
Na  0  0  0  +  0  + 
Mn  =  0  0  0 
Cr  0  0  0 
Sc  0  0 
Co 
Ir 
a Cu correlation based on 14 chondmles from Weston 
b Si based on 9 chondrules from Weston 
correlation coefficient <. 75 
++ correlation coefficient >. 75 30 
chondrules from H4 Chondrites, 
Ochansk and Weston were the two chondrites studied in this 
section.  Table 7 presents the results of the analyses.  The cumula-
tive frequency graphs indicate that Al has a multimodal population, 
with the major population centering between 1. 4 and  1.8% and a 
second smaller population centering about 4 to 4. 4% Al.  The com-
posite samples of varying chondrule sizes indicate a trend toward 
lower Al in the larger samples.  The modal values indicate the 
majority of chondrules are enriched in Al over the average whole 
rock content of 1. 01±. 06% for H4 and H6 chondrites found by Loveland 
et al. (1969).  There is, however, considerable overlap with the whole 
chondrite value with some chondrules exhibiting considerable depletion. 
The mean chondrule Fe abundances of Ochansk and Weston 
overlap within one population standard deviation, with the grand mean 
centering at about 9. 7±3. 2%.  The modal abundance of Weston and 
Ochansk show considerable overlap with considerable tailing on the 
low end.  The mode of Ochansk is centered slightly higher than 
Weston's.  The population mode of Fe for both sets is centered at 
7-9% Fe with considerable high Fe tailing.  The cumulative frequency 
graph indicates the population may be bimodal. The total Fe is highly 
depleted in the chondrules compared to the total chondrite.  It is Table 7.  Summary of H4 chondrule abundances (32 chondrules) 
Element 
mass (mg) 
a 
Si (%) 
Al(%) 
Fe (%) 
b Ni % () 
Na (ppm) 
Mn (PPrn) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (ppm) 
c01 
(PP1n) 
a19 analyses  
b   6 analyses from Ochansk  
25 analyses  
dUrey and Craig (1953)  
e   Loveland et al. (1969) 
Schmitt et al. (in preparation) 
Simple 
mean 
2.33 +2.22 
24.7 t 1.8 
1.8 +1.0 
9.7 +3.2 
0.32 1 . 21 
7670 +3610 
2560 +770 
4670 +1540 
14.8 +7.4 
85 +14 
0,20 +.36 
47 + 26 
Error weighted 
mean 
0.9 .+ .1.4 
9.7 +3.2 
0.23+ 0.24 
5620 + 4170 
2050 +930 
2530 +1920 
11.5 +8.1 
22. +11 
0.5 + .. 39 
Apparent 
mode 
24-26 
1.4-1.8 
7-9 
0.1-. 3 
5000-6000 
3000-3200 
2000-3000 
10-12 
<.S0 
0.4-..06 
20-40 
. , 
Averages of bulk 
H chondetes-
d 17.1
1.01e 
26.8f 
1.7d 
5790f 
f
2260
3810f 
24f 
650f 
0.78 
100f 32 
interesting to note that the modal abundance of Fe in both the chon-
drules and the whole rock are higher in Weston.  The composite sam-
ples of varying size fractions for Ochansk show no systematic Fe abun-
dance variation. 
The average Na values for Ochansk indicate that the chondrules 
are enriched compared to the whole rock and the modal values indicate 
that the distribution of Na abundances is broad with a skewing on the high 
abundance side.  The mean of Na abundances in Weston chondrules indi-
cates that Na is enriched slightly compared to the whole rock, with a 
broad dispersion,  i. e., 6820+3640 ppm. The frequency histogram of Na 
for Weston chondrules indicates that, in contrast to the mean, the modal 
value is about the same as in the whole chondrite while there are chon-
drules with extreme enrichment and extreme depletion.  The frequency 
histogram for all H4 chondrules centers between 5000 and 6000 ppm, 
with the error weighted average at 56201-3610 ppm. The cumulative 
frequency diagram indicates the Na distribution is multimodal. 
The weighted averages of Mn. are 20501930,  29801280 and 
25601770 ppm for all H4 chondrules, Weston chondrules and Ochansk 
chondrules, respectively.  The Weston and Ochansk Mn abundances 
appear to belong to distinctly different populations (see frequency 
histograms).  Furthermore, Ochansk chondrules are highly enriched 
compared to the whole chondrite while Weston chondrules are depleted. 
The average Cr value for Ochansk is 21901 1380 ppm; for Weston 33 
3430±2030 ppm and the mean value of all H4 chondrules is  2530±1930 
ppm.  These values all overlap with each other and overlap with the 
values of the whole chondrite.  The modal value for Ochansk, how-
ever, is clearly much depleted in Cr and the modal value for Weston 
is difficult to estimate due to the small population size.  The total H4 
population has a modal Cr value of 2000-3000 ppm and is clearly much 
lower than the 3670 ppm average of Ochansk and Weston whole chon-
drite values.  There is considerable tailing on the high Cr side. 
The trace element Sc is significantly enriched in the chondrules 
and centers at 7.5 ppm for Weston and 12.4 ppm for Ochansk but 
there is a great deal of dispersion and these means overlap between 
each other and the whole rock value.  The composite value for Sc is 
11.5± 8.1 ppm. The frequency histograms for Sc center between 
10-12 ppm with considerable dispersion with perhaps a slightly 
larger tail on the high side.  The population appears to be multi-
modal. 
The two elements Cu and Co are for all H4 chondrules highly 
depleted with the simple average for Cu centering between 40 and 60 
ppm and the error weighted Co mean is  22±11.  Both elements exhibit 
a great deal of dispersion with one Cu value of Ochansk equalling the 
whole chondrite abundance.  The populations appear multimodal. 
In the composite size samples of Ochansk there is an apparent 
increase in the abundance of Co with increasing chondrule size. 34 
The Ir frequency histogram indicates that the H4 chondrules 
have multimodal Ir distributions.  The largest centering of values 
is between 0.4 and 0.6 ppm with an apparent second distribution 
peaking between0.3and 0.4 ppm; there is also considerable  tailing 
on the high abundance side.  The lower distribution is definitely 
depleted compared to the whole chondrite. 
The Ni abundance of Oschansk are highly depleted compared 
to the whole chondrite ranging from 0.33% to 0. 15 %.  The Ni to Co 
ratio ranges from 55 to 9.6, with the average value  centering around 
36.  This value is considerably different than the ratio  of 17 obtained 
from the value given by Mason (1962) for the whole H chondrites. 
Table 8 presents the correlations found for all H4 chondrules 
at the 90% confidence levels.  At the 99.9% confidence level Ochansk 
exhibits some interesting correlations at the moderate to strong level 
for Al-Ir, Al-Sc, Al-Na, Na-Ir and Na-Sc.  At the 99% confidence 
level Fe-Cr and Sc-Ir correlations occur.  At the 90% and 95% 
confidence limits significant wt-Na and wt-Al anticorrelations exist 
and significant Mn-Sc, Na anticorrelations occur.  Weston chondrules 
exhibit no significant wt-element correlations. Cu in the Weston 
chondrules exhibit significant positive correlations with the siderophile 
elements Co and Ir. Cu also exhibits a positive correlation at the 99% 
confidence level with Al and Na and a negative correlation at the 99.9% 
level with Mn. A negative Al-Fe correlation exists and positive Al-Ir, Table 8. Correlations at the 90% significance level for H4 chondrules (error weighted). 
aCu  Ir  Co  Sc  Cr  Mn  Nr  Fe  Al 
Wt  0  0  0  0  0  0  0  0 
Al  +  +  +  +  +  0  +  0 
Fe  0  0  0  0  0  0  0 
Na  +  +  +  +  0  + 
Mn  0  0  +  + 
Cr  0  0  0  + 
Sc  0  +  + 
Co  +  + 
it  + 
aCu correlations from Weston only 36 
Co, Sc and Na correlations are present. Mn correlates with Co and 
Cr while Na correlates with  the siderophile elements Ir and Co and 
the lithophilic elements Sc and Al. 
Some correlation coefficients for all the H4 chondrules exist 
for the entire group  which were not obvious for the  individ-
ual sets and some correlations which existed for the individual sets 
do not exist for the total group.  A weak but significant Al-wt anti-
correlation exists for the entire group.  The most significant of these 
correlations are the Na-Ir correlation,  Na-Co, Sc-Ir, Co and the 
Al- Cr. 
It is reassuring to note at this point that correlation coefficients 
for Ochansk confirm the negative Al size correlation observed in the 
composite fraction. A negative Na correlation was also observed, 
although a positive Co size correlation is not confirmed by the corre-
lation coefficients. 
Chondrules from H5 Chondrites 
The Si contents of the H5 chondrules exhibits a range of 
abundances for approximately 20% to 34%.  The mean and the modal 
values match at 26%. The cumulative frequency graph indicates a 
definite bimodal population with the second mode occurring at higher 
Si content. Table 9.  Summary of H5 chondrule abundances (89 chondrules) 
Element  Simple Mean  Error weighted 
mean 
Apparent 
Mode 
Average of 
H chondrites 
mass (mg)  1.87 +1.73 
a
Si (%)  26.0  25r27  17. lc 
Al (%)  1. 5: ±8  1.1 +0.9  1. 4-1. 6  1.01d 
Fe (%)  14.5 +7.8  9.0S + 9.55  10-12  26. 8
e 
Na (ppm)  8200 +3220  6590 + 3610  7000-8000  5790e 
Mn (Finn)  2830 +380  2950 +170  2700-2900  2260 
Cr (ppm)  3630+1750  2660 +2010  2200-2400, 2800-3000  3810e 
Sc (ppm)  10.5 +3. 1  9.56 + 3.27  7 -8, 7-8, 11-13 
Co (ppm)  53 +51.9  35 +54  25-30  650e 
IPP/n)  0. 26 +.97  0. 09 ,± . 88  4.05  0.78f 
Cu (ppm)  34 + 23  23 +25  10-20  100e 
a26 analyses 
b81 analyses 
cUrey and Craig (1953) 
dLoveland et al. (1967) 
Schmitt et al. (in preparation) 
fEhman et al. (1970) 38 
The Al contents of the H5 chondrules exhibit a range of 0.73±. 68% 
to 1. 39±1. 35% for Forest City and  Richardton chondrites.  The modal 
abundance of Al ranges from 1.4-1. 6% with no individual chondrule set 
showing significant deviation.  There is considerable high Al and low 
Al straggling resulting in a multimodal cumulative frequency diagram 
(3 modes?). The population clearly overlaps the average value of 
Al in H4 and H5 whole chondrites of 1. 01*. 06%, but the modal value 
is clearly 50 to 60% higher. 
The Fe contents of the H5 chondrules exhibits a range of 
7. 7±8. 6% for Allegan chondrules to 13.3±5. 7% for  Forest City chon-
drules. Miller, Richardton and Sindhri chondrules showed intermedi-
ate averages.  The mean Fe value for 89 H5 chondrules was 9. 1 ±9. 6 %. 
The modal value for Fe in all sets ran between 9-11% with consider-
able trailing on the high Fe side.  The cumulative frequency diagram 
for Fe shows a definite bimodal modal population.  Both the average 
and the modal values of Fe indicates considerable  depletion for the 
majority of chondrules and a second population with higher Fe con-
tents. 
The average Na values varied from 7480±4880 to  5850±2710 ppm 
for Miller and Richardtons chondrules,  respectively.  The median 
value for 89 chondrules was 6590±3610 ppm.  The averages clearly 
overlap and the modal frequencies also show considerable overlap. 
The overall mode centered at 7000 to 8000 ppm with a considerable 39 
number of samples in the 8000 to 9000 ppm range.  The cumulative 
frequency diagram indicates the population is multimodal.  The gen-
eral population distribution of Na indicates  that Na is enriched in 
chondrules compared to the average H5 whole chondritic value of 
5760+400 ppm, although there is considerable overlap. 
The average values for Mn in the H5  chondrules range from 
2650+420 to 2950+190 ppm, for Miller and Allegan chondrites, respec-
tively.  The average of 89 H5 chondrules showed a mean value of 
2950+170.  The modal values are rather dispersed ranging from 
The 3100-3200 to a low of 2700-2800 for the same two meteorites. 
frequency histogram for all H5 chondrules indicate a mode at 2700 
to 2900 ppm.  The mean and modal abundances for Mn in the H5 
chondrules is clearly higher than the Mn in the whole chondrite, 
2240 ppm, although there is again some overlap on the low side. 
The Cr content of the H5 chondrules range from 3150+2770 to 
2530+1010 ppm for Miller and Forest City,  respectively.  The fre-
quency diagrams of Cr show a very broad distribution for all sets. 
Miller chondrules appear to exhibit a lower modal value.  The total 
frequency histogram for 89 chondrules indicates a broad distribution 
ranging from 1400 to 4400 ppm.  The cumulative frequency diagram 
indicates that Cr content of chondrules are multimodal.  Although 
there is considerable overlap the majority of the H5 chondrules 
appear depleted in Cr from the average value of 3670 ppm exhibited 40 
by the H5 whole chondrite average given by Schmitt et al. (in prepa-
ration). 
The Sc abundances are highly varied as  shown by the frequency 
histogram but the average value is quite consistent centering at 
9. 6±3. 3 ppm.  The range of means run from 9.8 for Sindhri to 8.5 
ppm for Miller chondrules.  The Sc lognormal cumulative frequency 
graph for all H5 chondrules indicate the population is trimodal.  The 
average population is enriched in Sc compared to the average H5 
whole chondrite value of 6.8 ppm. 
Co exhibits a wide variation of abundance; the means of the 
individual sets ranging from 14. ±33 and 89±49 for Forest City 
and Allegan, respectively.  The grand mean for 89 chondrules 35 ± 54 
ppm. The modal abundance is not distinct but most chondrules lie 
in the range 0 to 60 ppm; this may represent two distinct modes. 
The cumulative lognormal frequency graph shows a multimodal 
population, the first mode occurring for abundances greater than 
100 ppm, and a second mode for those abundances less than 100 ppm 
(the lower mode may be two populations).  The abundances of Co are 
distinctly lower than the whole rock abundances which are in the 700 
to 900 ppm region. 
The Ir population is distinctly skewed from the 0 to 0.4 ppm 
region and to higher abundance values.  The population appears to 
be multimodal with the average abundance centering about 0.09 ppm. 41 
The Cu modal distribution in chondrules from H5 chondrites 
seems to center about 15-20 ppm which is a depletion of roughly 20 
over the whole rock.  There is, however, considerable tailing on the 
high end and some chondrules appear to reach the abundance of the 
The cumulative lognormal frequency graph indicates whole chondrite. 
the Cu population is monomodal for H5 chondrules. 
Table 10 presents the correlation coefficients for all H5 chon-
The strongest and most repeti- drules at the 90% confidence limits. 
Figures 3a tive of these correlations are the Al-Na, Al-Cr, and Sc-Ir. 
and 3b show Na-Al covariance diagrams for Allegan and Richardton 
chondrules.  It is interesting to note that while individual sets may 
not exhibit correlations at this confidence level the overall H5 set 
may. This effect is particularly significant for the anticorrelation 
At the 90% between weight and Na content and the Al-Sc correlation. 
limit both Na and Al exhibit weak negative correlations with mass,  the 
confidence belt of these correlations are from 0 to -.35. At the 99.9% 
limit there is a fairly strong positive correlation (.75) between the 
siderophilic elements Ir and Co,  but neither correlates with Fe. 
The Ir-Sc correlation at the 99. 9% confidence limits has a confidence 
belt ranging from .2 to .75. 
Moderate to weak wt-Cu correlations  exist for all H5 chondrule 
sets and a weak negative correlation exists for the entire set (81 
chondrules). Cu also exhibits positive correlations with the 42 
z  
Al (%) 
Figure 3a.  Na-Al covariance diagram for Allegan chondrules. Al(%)  
Figure 3b. Na-Al covariance diagram for Richardton chondmles.  Table 10 Correlations at the 90% significance level for HS chondrulesa (error weighted means were used). 
Mn  Na Co  Sc Cr 
0 0  0 0 Wt 
Al  + 0 0 + + 0 
0  0 0 Fe  0 0 0 
0 + Na  + 0 0 
Mn 0 0 0  + 
0 0  + Cr  +  
Sc  +   + + 
+ Co  + 
+ Ir 
aWeighted by inverse square of the estimated standard deviation 45 
siderophilic elements Ir and Co but a weak  anticorrelation with Fe. 
Correlations with Cu also exist at the 90% significance level for Cr, 
Na, Al and Sc. 
For individual sets the wt- Cu anticorrelation in Sindhri is sig-
nificant at the 95% level and has a confidence belt of -.1 to -.75. 
The Cr-Ir correlation and Fe-Mn anticorrelations characterize the 
chondrules from Sindhri.  Richardton chondrules exhibit a correlation 
between Mn and Fe; however, it has a lower confidence belt of -.1, 
overlapping the confidence belts of the grand correlation coefficient of 
all H5 chondrules which is zero, and consequently the Mn-Fe correla-
tion for Richardton is felt to be nonsignificant. For  similar reasons the 
Co-Mn, and Co-Cr correlations are considered by the  author to be 
suspect. 
Miller chondrules showed indications of small wt-Na, Al anti-
correlations but these are not considered significant at the 90% level. 
A wt-Cr anticorrelation is striking at the  95% confidence limits with 
confidence belts ranging from about -.15 to -.75.  The Sc- Co corre-
lation is present in Miller as well as in Richardton chondrules. 
Forest City chondrules indicate the presence of an interesting 
Co-Al correlation at the 99% level and with confidence belts of .17 to 
.82. The Mn-Al anticorrelation takes on additional significance since 
the same anticorrelation is observed for Allegan chondrules even 46 
though the confidence belt reaches 0.1.  The Na-Mn correlation 
is unique to this set of chondrules. 
The H group Chondrules 
Histograms for each of the elements determined for approx-
imately 150 H chondrules are shown in Appendix  II.  The cumulative 
frequency and lognormal cumulative frequency graphs indicate the 
populations for all elements are multimodal, but it is often difficult 
to pick out the exact location of the second mode. 
The following table indicates the element and its apparent 
modes. 
Table 11.  Summary of abundancelfor H group chondrules. 
Element  Apparent Mode  H Chondrites 
Si (%)  25-27  17. la
b
Al (%)  1.2 -1.6  1.01 
Fe (%)  8-12  26.8c 
Na (ppm)  5000-6000;  7000-9000  5790 
Mn (ppm)  2800-3000  2260c 
Co (ppm)  15-30; 200 (?)  650c 
Sc (ppm)  11-13  7.4c i00c
Cu (ppm)  15-30 
Cr (ppm)  2200-2600; 3000-3600  3810c 
Ca (%)  1.5-1.6  1.394 
V (ppm)  130-180  69. 2e 
Ir (ppm)  0.05-0.10  0.68 
aUrey and Craig (1953) 
bLoveland et al, (1967) 
Schmitt et al. (in preparation) 
d 
Greenland and Lovering (1965) 
e Ehman et al. (1970) 47 
The tables in the appendix indicate the compositions of the 
chondrules, in general, vary considerably from that of the whole 
meteorite or from the carbonaceous meteorites. 
The inhomogeneity of these small systems is very marked and 
is also in sharp contrast to the homogeneity of the meteoritic classes 
and the individual meteorites, Schmitt et al. (in preparation) and 
Osborn and Schmitt (1972). 
The Chondrules from LL Chondrites 
The actual abundance data, histograms,  cumulative frequency 
graphs, and the numerical values of the correlation coefficients 
The summaries of the abundance are presented in Appendix II. 
data and the correlation coefficients are presented in the text of the 
discussion. 
LL3 Chondrules 
The investigation of the LL3 chondrules consisted of the analyses 
of 36 chondrules, 26 from Chainpur and  10 from Ngawi.  Table 12 
presents a summary of the 36 analyses and Table 13 indicates all 
correlation coefficients at the 90% significance level or greater. 
The Si content of 16 Chainpur chondrules have been determined; 
the simple mean is 22% with an apparent modal value centering at 
22-23%. The cumulative frequency histogram indicates the population Abundances for all LL3 chondrules (31 chondrules) Table 12. 
Element 
mass (mg)  
a Si (%)  
Al (%)  
Fe (%)  
b Ca (%) 
c
Ni (%) 
Na (ppm) 
Mn (ppm) 
Cr (ppm)  
Sc (ppm)  
Co (ppm)  
Ir (ppm)  
d
Cn (ppm) 
b
V (ppm) 
a16 analyses 
b10 values 
cll values 
d20 values 
Error weighted Simple mean 
mean 
8.87 1 16.56 
22.2 1 2.5 
1.2 ± 0.6  1.4 f . 6  
12.3 ±4.9  12.1 ±4.9 
1.60 
0.43 
3390 f 4210  6650 f 2600  
720 ± 2300  2750 1 1030  
2960 f 1300  3610 f 1050  
7.7 1 7.0  11.0 f 6.1 
51.6 f 181   139 ± 158  
0.07 f . 20   0.14 f . 19  
32.4 
87.2 
eKeil et al. (1964)  
(Mason and Wiik (1964)  
gLoveland et al. (1967)  
hSchmitt et al. (in preparation)  
Apparent mode 
21-23  
1.0-1.4  
12-13  
1.2-1.7  
0.2-0.3  
6000-7000  
2600-3000,3800  
3800-4000  
9-10  
100-125  
0- . 10  
0-10,40-60  
80-110  
i Urey and Craig (1953) 
Greenland and Lovering (1965) 
kFhman et al. (1970) 
Average of 
LL chondrites 
f
19.1e, 
1.12g 
19. Oh 
1.11e 
0. 94i I  
663G1'  
2560h 
h
3690 
7.8h  
470h  
O. 38k 
91h 
68.8-1 49 
is bimodal. The Si content of the chondrules appear to be enriched 
over the whole rock content by a factor of about 1.2, although there 
is overlap with the whole rock. 
The Na content of the LL3 chondrules vary over a factor of 10 
with abundances varying from 920 to 10100 ppm.  The median value 
was 6650 ± 2600 ppm which clearly equals the mean value for LL3 
chondrites, 6630 f 760 ppm (Schmitt et al., in preparation).  The 
modal value also centers at 6000 to 7000 ppm, with considerable 
dispersion on both sides of the mode.  The cumulative frequency 
graph indicates the population is multimodal. 
The values for Mn in the LL3 chondrules range from 280 to 
3950 ppm. The average value is 2750 ± 1030 ppm with apparent  modes 
at 2600-3000 ppm and perhaps a second mode at about 3800 ppm. Both 
the simple average and the apparent mode indicate that Mn may be 
slightly enriched in these chondrules although there is a significant 
amount of overlap. 
The Cr contents of the LL3 chondrules range from 1380 to 5410 
ppm with the mean at 3710 ± 1050.  The average value is consistent 
with the modal value of 3800 to 4000 ppm Cr.  Both the average and 
the modal values indicate an enrichment in the chondrules of about 
10%, although there is a great deal of skewing on the low end with 
many chondrules indicating a depletion of Cr, with respect to the 
Cr content in whole chondrites.  The cumulative frequency graph 
indicates the Cr content is multimodal (perhaps trimodal). 
The Al content of the LL3 chondrules exhibited a range of values 50 
from 0 to 3.95%.  The simple mean was 1.35±. 60% with a modal 
value centering from 1.0-1.4%.  The whole chondrite abundance 
is 1. 12±. 03% Al, clearly both the modal and average value indicate 
significant enrichment of Al in the chondrules.  There is, however, 
considerable overlap with the whole rock and some chondrule are 
severely depleted in Al.  It is evident from the cumulative frequency 
graph the population is mialtimodal. 
The Fe content of the LL3 chondrules ranges from 5 to 25%. The 
simple mean, weighted mean and mode all place the abundance between 
12 and 13% for all LL3 chondrules.  The simple average for Ngawi 
is slightly lower but the mode coincides.  The Fe content in general 
appears depleted from the whole chondrite value but there are excep-
tions where Fe content equals or surpasses the whole rock value  of 
19. 5% (Schmitt et al., in preparation).  The total population appears 
to exhibit a bimodal abundance pattern.  However, for Ngawi chon-
drules the small population size prohibits a definite conclusion as 
to the population distribution. 
The Sc abundances are highly variable as shown by the frequency 
histogram with values for individual chondrules ranging from about 5 
to 32 ppm.  The simple average is 11 with an error weighted mean of 
7. 7t7. 0 ppm. The modal value appears to center between 9 and  10 
ppm.  This appears to represent an enrichment in the chondrules 
over the whole rock Sc content.  The distribution appears to be 51 
bimodal as demonstrated by the lognormal frequency graph. 
The Co contents of the chondrules range from 22 to 810 ppm, 
with the average value centering at 139±158 ppm and the mode, 
although difficult to estimate, appears to center between  100 and 
125 ppm. The Co population is multimodal with the second mode 
considerably higher than the first. 
The Ir population is distinctly skewed toward a low abundance 
with the modal value occurring below 0.10 ppm. The average value 
is 0. 14±. 19 ppm. The population appears multimodal. 
The Cu appears to be bimodal in its distribution with the largest 
mode centering from 0 to 10 ppm and a second mode,  although uncer-
tain, appears to center between 40 and 60 ppm.  The average value 
is 32 ppm with a range between 0 and 160 ppm. 
Ca was determined in ten chondrules and had an average 
abundance of 1.60% with a modal value between 1. 2 and  1.4%.  The 
range of Ca values varied from 0.32 to 2. 5% Ca. 
A limited number of samples (11) were analyzed for  Ni. 
The average value was 0. 43 %, which indicates a significant depletion 
of Ni in the chondrules compared to the matrix.  The Ni to Co ratio 
for the average values is about 31.  The three Ni/Co ratios for Ngawi 
are:  21,  17, and 16.  However, the ratio for Chainpur is more 
varied and was centered around 25 and ranged from 13 to 64.  Only 
one value (Chondrule #19) shows this  high ratio of 64.  The next Table 13.  LL 3 correlations at the 90% level  (error weighted). 
Wt 
Al 
Fe 
0 
0 
Co 
0 
0 
0 
Sc 
0 
+ 
0 
Cr 
0 
0 
0 
Mn 
0 
0 
0 
Na 
0 
0 
0 
Fe 
0 
0 
Na 
Mn  0 
+ 
0 
+ 
-H-
++  + 
Cr  0  0 
Sc  0  0 
Co  +++ 
. 30 4 0 
.30 - . 40 
.40 - . 60 
0 
00 
. 60 - . 85  = 
+++, 
aWeighted by the inverse square of the standard deviation 53 
highest is 27.  These have a 5 to 10% error associated with them. 
The average V abundance in the LL3 chondrules is 87 ppm 
compared to 73 ppm determined by Pe lly et al. (1970) for the 
The difference cannot be taken as Parnallee (an LL3 chondrite). 
significant, as the V contents of the chondrules ranged from 34 to 
164 ppm. However, half of the chondrules appear to be significantly 
enriched in V, as their abundances exceed any published whole rock 
abundance for the LL, L,  and H classes. Other chondrules are 
highly depleted in V ranging from 20 to 30 ppm. 
Table 13 presents the correlation for all the LL3 chondrules 
It is significant to note at this above the 90% confidence limits.  
point that some correlations which occur for the entire set do not  
occur in Chainpur.  Part of this effect arises from the increased 
population size by including ten samples from the Ngawi subset.  It  
The sidero- is significant to note that no Al-Na correlation occurs. 
phile elements Ir and Co correlate strongly at the 99.9% significance 
level, the overall correlation coefficients exhibit a significant positive 
These correlations, however, Al-Ir, Al-Co and Al-Sc correlations.  
are not sufficiently strong to occur in both of the individual sets. A  
moderate correlation (0. 78) occurs between Na and Mn and a 0.64 
correlation occurs between Mn and Cr; both are significant at the 
99.9% confidence level for  the overall set.  
A correlation between Cu and Mn is obtained at the 90%  54 
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confidence level in the Ngawi set; the 95% confidence belt runs from 
-0.05 to 0.88.  In Chainpur a weak to moderate correlation of 0.43 
occurs between Fe and  Co with a 95% confidence belt from 0.03 to 
0.68. 
Figure 4 shows an Al-Na covariance diagram; Figure 5 illus-
trates an Al-Ca covariance diagram for Chainpur chondrules.  The 
Al-Na diagram illustrates the  lack of correlation between these two 
elements. However, the Al-V covariance diagram shown in Figure  6 
illustrates a positive correlation between these two elements. 
LL4 Chondrules 
Soko Banja represents the only group of LL4 chondrules studied 
in this report.  Table 14 presents the results of the analyses of 18 
chondrules. 
The average Si abundance of 8 chondrules is 24% with the 
This is an enrichment apparent mode falling between 24 and 25%. 
of 1.23 over the whole rock value of 19.4% by Mason and Wiik (1964). 
This value agrees very well with the value of 1.25 obtained by Schmitt 
et al. (1967) for a slightly different set of chondrules. 
The average Al abundance is 1.35±0.36% which corresponds 
with the modal values between 1.2 to  1.4%. The cumulative frequency 
histogram indicates the population is multimodal. 
The average Fe abundance is 14. 0*2.8% with a mode occurring Table 14.  Soko Banja chondrules LL4 (18 chondrules). 
Element 
Mass (mg) 
a
Si (%) 
Al (%) 
Fe (%) 
b 
Ca (96) 
Na (ppm) 
Mn (ppm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (ppm) 
(PPm) 
by 
(ppm) 
a8 samples  
b  4 values  
c10 samples  
dKeil et al. (1964)  
e Mason and Wiik (1964) 
(Loveland et al. (1967) 
Simple mean 
2.88 ± 1.86 
23.9 11.4 
1.35 ±0.36 
14.0 ±2.8 
2.3 ± 1.4 
7970 ± 2960 
3150 ± 1580 
4140 ± 3200 
11.7 ±6.1 
100 ± 114 
1,5 ±3.3 
79 ± 48  
78 ± 61  
gSchmitt et al. (in preparation) 
h Greenland and Lovering (1965) 
1 Ehman et al. (1970) 
Error weighted 
mean 
1.25 ±0.38 
11.2 ±4.0 
4770 ± 4430 
2930 ± 1600 
2980 ± 3420 
8.0 ± 7.2 
4.0 ± 129 
0.06 ± 3.6 
72 ±48 
Apparent mode 
24-25 
1.2-1.4 
14-15, 17-18 
>1.2 
7000-8000 
2600 -2800 
3000-3200 
8-10 
<30, >100 
<0. 20 
50-60 
<50, >100 
Average of whole 
U. chondrite 
e 
1.1 
19. Og 
1,114 
6630g 
2560g 
3690g 
7.88 
470g 
O. 38 i 
91g 
h
68.8 59 
between 14 and 15%.  This indicates that these chondrules are 
depleted in Fe by roughly 28% compared to the whole chondrite.  The 
population appears monomodal but may be bimodal; in either case, 
there is considerable overlap with the whole  rock Fe content. 
The Na frequency histogram indicates the major population mode 
centers between 7000 and 8000 ppm; this compares  favorably with the 
simple mean value of 7970±2960 ppm.  There appears to be an enrich-
ment in Na over the matrix value of 6640 ppm. There is, however, 
considerable overlap. A second mode is also apparently present at 
higher Na contents as the indicated from the cumulative frequency 
histogram. 
The Mn content has an apparent mode at 2600-2800 ppm;  this 
is lower than the average Mn value of 3150±1580.  This indicates 
there may be a slight overall enrichment of Mn in the chondrules 
compared to the matrix.  The cumulative frequency graph indicates 
the population is bimodal. 
The average value of Cr in the Soko Banja chondrules is 
4140±3200 ppm. The population is definitely bimodal.  The primary 
mode occurs between 3000 and 3200 ppm, and the second mode occurs 
above 4000 ppm.  This indicates that a major subset of the Soko Banja 
chondrules are depleted in Cr compared to the matrix while another 
smaller subset is apparently enriched in Cr. 
The Sc content of the chondrules is highly variable ranging from 60 
5 ppm to over 30 ppm.  The mean value occurs at 11.7 ±6. 1 and the 
modal value is 8 to 10 ppm with a second mode occurring at higher 
values.  The majority of chondrules are significantly enriched com-
pared to the matrix content of 7. 1±0. 5 (Schmitt et al., in preparation). 
The Co contents of the chondrules are also significantly depleted 
compared to the matrix but a great range of 18 to 425 ppm is also 
apparent.  The average value of 100±114 ppm represents the average 
of two modal populations, one occurring below 30 ppm and a second 
one occurring above  100 ppm. 
Cu is also depleted in the chondrules with an average value 
occurring at about 70 ppm and a mode occurring about 50 to 60 ppm. 
The distribution appears to be monomodal. 
The Ir content is severely depleted in the chondrules with an 
error weighted mean occurring at 0.06±3.6 ppm and a mode occurring 
at <0. 2 ppm. 
The Ca abundances were determined in only four chondrules 
which gave an average abundance of 3.3±1. 4%. One of the chondrules 
is highly enriched in Ca at 4. 5 %. 
The V contents of the Soko Banja chondrules were highly vari-
able and ranged from 9 ppm to 149 ppm. The average of the four 
values determined is 78±61 ppm. 
Table 15 presents a summary of the Soko Banja correlation co-
efficients occurring at or above the 90% significance level.  Significant Table 15.  LL4 correlations at 90% significance level (error weighted). 
Cu  Ir  Co  Sc  Cr  Mn 
Wt 
Al 
Fe 
0 
0 
0 
0 
++ 
0 
0 
0 
0 
0 
0 
+-I-
0 
0 
+ 
0 
++ 
0 
Na  0  0  0  +  0  0 
Mn  +  ++  0  0  0 
Cr  0  0  0  0 
Sc  0  0  0 
Co  0  + 
Ir  -H-
.38 
Co° 
-H-,  = 
+-14, 
4- 0 
.38 
.38.40 
. 40 - . 60 
. 60 - .8S 
85 
not significant at 90% 1 evel 62 
correlations at or near the 90% significance levels occur for the three 
siderophile elements Fe, Ir and Co. An intermediate correlation 
between Ir-Al, Ir-Mn and Cu-Ir occurs at the 95 to 98% significance 
level.  Positive correlations between Fe-Na,  Fe-Sc and Fe-Cr occur. 
An interesting Al-Mn correlation also  exists at the 99% significance 
level, 
LL5 Chondrules 
Separated chondrules from the meteorite Olivenza represent 
the only members of this group.  Table 16 summarizes the results 
of the analyses. 
Twelve chondrules from this set had Si determined by Schmitt 
et al. (1967).  The average Si abundance was 24. 4±2. 7% with the 
modal value occurring between 21 and 25%.  There is a slight indica-
tion that the Si population may be bimodal but the trend is not clear. 
As pointed out by Schmitt et al., Si is  enriched in the chondrules 
compared to the whole chondrite. 
The average Al content of the chondrule is  1.33±0.69% with a 
modal value falling between 1.2 and 1.6%.  The frequency histogram 
and cumulative frequency diagram indicate the population is bimodal 
with the second mode apparently occurring in excess of 2% Al. Com-
pared to the whole chondrite the chondrules are enriched approx-
imately 40% in Al. Table 16.  LL.5 chondrules 
Element 
Mass (mg)  
a
Si (%)  
Al (%) 
Fe (%) 
b
Ca (%) 
Na (ppm) 
Mn (PPm) 
(pPm)  
Sc (ppm)  
Co (ppm)  
Cu (ppm)  
Jr (13Inn)  
V (ppm)  
a12 chondrules 
1 chondrule 
cKeil et al. ( 1964) 
dMason and Wiik (1964) 
Loveland et al. (1967) 
Olivenza (18 chondrules). 
Simple mean 
1.29  ± .97  
24.4  ±2.7 
1.33  ± . 69  
13.1  ± 2.64 
2.01 
8230  ± 3170  
2580  ± 210  
2510  ± 930  
16.3	 ±8.30  
98  ±60  
36  ± 23  
0.12	 ±.09  
141  
Error weighted 
mean 
0.76 ±.90 
13.9  f 2.76 
3210  ± 6060  
2540  ± 220  
1910  ± 1120  
9.6	 ± 10.8  
19  ± 100  
42 ±24  
0 :09  ± .09 
141  
fSclunitt et al. (in preparation) 
gUrey and Craig (1953) 
hGreenland and Lovering (1965) 
Elunan et al (1970) 
Apparent mode 
21-25  
1.2-1.6  
14-16  
2.01  
7000-8000  
2700 -2800  
2400-2800 ( ?); > 3600  
12-16 (?)  
130-170  
50-60  
<0.1 
141. 
Average of 
LL chondrites 
ic, d 
1.12e 
1.90f 
1.11c,g 
663Qf 
2560  
3690  
7.8f  
470f  
91f 
0, 381  
68.8 64 
The Fe frequency histogram indicates the population may be 
bimodal with the major mode occurring between 14 and 16%.  The 
mean value is 13. 1± 2. 6%, which indicates the chondrules are depleted 
in Fe by about 20% compared to the whole rock. A few chondrules, 
however, do overlap the whole rock abundance. 
In the Na frequency histogram, the modal value is between 7000 
and 8000 ppm with the average occurring at 8230±3170 ppm. The 
population indicates the abundance pattern is bimodal with the second 
mode occurring at a higher abundance.  The Na content appears to be 
enriched in the chondrules by about 20%, although there is consider-
able overlap with many chondrules actually exhibiting a depletion. 
The average value of Mn in Olivenza chondrules was 2580±210 
ppm; the mode occurs between 2700 and 2800 ppm. The Mn content 
of the chondrules appears to be higher in the chondrules compared 
to the whole rock, although there is considerable overlap. 
The Cr content of chondrules is definitely bimodal with the first 
mode occurring between 2400 and 2800 ppm and a second smaller mode 
occurring in excess of 3600 ppm. The average Cr content is 2510±930 
ppm.  The Cr content in general is depleted in these chondrules 
although the second mode would indicate a second subgroup with en-
riched Cr content. 
The Sc abundances in the chondrules are very disperse and 
range from 6 to 40 ppm.  The average value is 16. 3 ±8. 3 ppm; the 65 
error weighted value is 9.6 ppm and the mode appears to be roughly 
between 12 and 16 ppm. The Sc cumulative lognormal graph indicates 
the population is monomodal. These chondrules are highly enriched 
in Sc compared to the whole rock value of 8.5 ppm ( Schmitt et al., 
in preparation). 
The Co abundances are highly depleted in the chondrules com-
pared to the whole chondrite value.  There is a great deal of disper-
sion present with the average value occurring at 98*60 ppm; the mode 
occurs between 130 and 170 ppm.  The population appears to be multi-
modal. 
Schmitt and Smith (1965a) determined the Cu abundances in 
these chondrules, and in other reports  they reported all the other 
Cu values.  Their work indicates that the Cu content is monomodal 
with the apparent mode occurring between 50 and 60 ppm.  The aver-
age value (error weighed) is 43±24 ppm.  This is a 50% depletion in 
Cu compared to the whole chondrite value obtained by Schmitt et al. 
(in preparation). 
The Ir abundances are widely dispersed ranging from 0 to 0.33 
ppm. Both the mode and the mean indicate the distribution is skewed 
to the low side with most chondrules  having less than 0.1 ppm Ir 
present. 
Table 17 presents correlations between the elements determined 
for the Olivenza chondrules at the 90%  significance level.  The Al-Na Table 17.  Correlation coefficients for US chondrules (Olive= ; error weighted means were used) 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt  0  0  0  0  0  0  0  0  0 
Al  0  +  +  +  +  0  +  0 
Fe  0  0  0  0  0  0 
Na  0  +  +  +  + 
Mn  - - 0  0  0 
Cr  +  0  +  0 
Sc  0  0  + 
Co  0  + 
Ir  0 
0  <0.40 
+, - 0. 40-0. 75 
=  > 0.75 67 
correlation is moderate to strong (.72) at the 99.9% significance 
level.  At the 95% confidence level Al correlates with Ir, Co, Sc 
and Cr.  The siderophilic elements Ir and Co correlate. A positive 
correlation between Cu and Cr is present.  Negative correlations 
exist between Mn, Cu and Ir and between Fe and Sc.  The numerical 
values of the correlation coefficients are given in Appendix II. 
Figure 7 shows an Al-Na covariance diagram for Olivenza 
chondrules. 
LL6 Chondrules 
Table 18 presents the result of Cherokee. Springs chondrules, 
the only LL6 chondrite studied.  Appendix II presents frequency 
histograms, cumulative graphs, numerical values of correlation 
coefficients. 
Eleven chondrules were measured for Si content; the average 
Si content was 20.5±3.7%. The cumulative frequency graph indicates 
a bimodal population with the major mode centering between 20-22%. 
As in the other petrographic LL classes this represents a significant 
enrichment of Si in the chondrules. A significant overlap with the 
whole rock value also occurs. 
The Al content of the LL6 chondrules averages 1.41±0.22% with 
the modal value occurring between 1. 2 -1. 4%.  The Al content appears 
to be multimodal but it is difficult to ascertain with certainty.  The 18000 
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Figure 7. Al-Na covariance diagram for Olivenza chondrules. Table 18.  LL6 chondrules 
Element 
Mass (mg) 
aSi (%) 
Al (%) 
Fe (9)  
c 
Ca (%)  
bNi  
( %) 
Na (ppm) 
Mu (PPru)  
Cr (PP1n)  
Sc (ppm)  
Co (ppm)  
Cu (PPul)  
Ir (ppm)  
V (ppm)  
all chondrules 
b3 3 chondrules  
c9  
chondrules  
d10  chondrules 
eKeil et al.  ( 1964) 
Cherokee Spring (15 chondrules). 
Error weighted Simple mean 
mean 
19.34 
20.5 ±3.7 
1.29 ± . 26  1.41 1, 22 
10.7 ± 4.4  14.2 ± 2.5 
2.13 ± 1.39 
0.53 f . 4 
7070 f 1090 7420 ± 1030 
2460 ± 300 2590 f 270 
1580 1 3210 3150 f 2780 
10.8 ± 5.7 
172 ± 167  
28 ± 13  
0.14 1. .13 
112 f 45 
(Mason and Wiik (1964) 
gLoveland et al. (1967) 
hSchmitt et al. (in preparation) 
1Urey and Craig (1953) 
6.0 17.56 
91 ± 144 
26 ± 13 
0.08 f ..14 
Greenland and Lovering (1965) 
Ehman et al.  ( 1970) 
Apparent mode 
20-22  
1.2-1.4  
15-17  
1.1-1.4  
7000-8000 
2600 -2800 
1200-1400; 6200-6400 
13-16 (?) 
120-160 
10-20 
0.08 -. 10  
50-80  
Average of whole 
LL chondrites 
19. le' f 
1.12g 
9 11.1.01 
0.944 i 
6630h 
3690h 
7.8h 
470h 
92 
0.38k 
68. 8i 
o 
so 70 
average and modal values  of Al are enriched compared to the whole 
chondrite, although overlap occurs. 
The Fe content of the individual chondrules represents a deple-
tion of almost 30% from the whole rock value.  The average value was 
14.2±2.5% with an apparent mode centering between 15 and 17%.  The 
Fe distribution appears to be multimodal with perhaps three modes 
although this is difficult to establish. 
The Na content of the individual chondrules averages  7420±1030 
ppm with a modal value occurring between 7000 and 8000 ppm.  The 
average and modal values represent an enrichment of Na in the chon-
drules compared to the matrix of approximately  12%.  There is 
considerable overlap with the whole rock value and a second smaller 
mode appears to be present at high Na abundances. 
The Mn distribution is definitely multimodal with the major mode 
occurring between 2600 and 2800 ppm; a second smaller mode occurs 
at higher Mn contents.  The average Mn content is 2590±270 ppm. 
There is considerable scatter in the abundances which range from 
2000 to 4600 ppm. However, the majority of values cluster near 
the whole rock abundance. 
The Cr content of the Cherokee Springs chondrules are very 
disperse and range from 800 to 10700 ppm. Two modes appear to 
be present; one between1200-1400 ppm and the second between 6200-
6400 ppm. The first mode appears to be depleted in Cr by a factor 71 
of two while the second mode is enriched by a factor of two compared 
to the whole chondrite value.  The overall mean is 3160±2780 ppm. 
The trace element Sc is very disperse in the chondrules and its 
content range from 2 to 21 ppm. The population also appears to be bi-
modal with one mode below 10 ppm and a second mode above 10 ppm. 
The average value of 10.8±5.7 ppm indicates an enrichment of Sc in 
the chondrules compared to the whole chondrite. 
Cobalt in general is depleted in the chondrules although one value 
approaches the whole rock value of 520 ppm obtained by Schmitt et al. 
(in preparation).  The population appears to be bimodal with the pri-
mary mode occurring at 120 to 160 ppm. The average Co content of 
the chondrules is 172±167 ppm. 
The Cu contents were determined by Schmitt et al. (1966b).  The 
modal value appears to be between 10 and 20 ppm skewing on the high 
abundance side.  The mean value is 28±13 ppm.  This value represents 
a depletion in the chondrules by a factor of about three. 
The Ir content of the chondrules is widely variable and ranges 
from 0.02 to 0.54 ppm. The modal value appears to center between 
0.08 and 0.10 ppm and a second mode occurs at higher abundances. 
The average error weighted value is 0.08±14 ppm. 
Nine chondrules in this set were measured for Ca content.  The 
average value was 2.1 ±1. 4% with the mode occurring between 1.2 
and 1.4%. The abundances ranged from 0.68 to 4. 7% Ca. 72 
The abundance of Ni was determined  in three chondrules with 
an average value of 0.53±0.4%.  The Ni to Co ratio varied from ap-
proximately 18 to 26.  This variation is believed to be real and not 
due to analytical uncertainty. 
The V content of 10 chondrules was measured with an average 
abundance of 112±45 ppm. The apparent mode was between 50-80 
ppm.  The average V content represents an enrichment compared to 
the whole rock but significant depletions also occur; the mode centers 
at the approximate whole rock abundance. 
Table 19 presents the correlation coefficients  for the LL6 
chondrules at the 90% significance level or above.  Several interesting 
weight-element correlations exist: 
Correlation  Coefficient 
Significance
limit 
95% 
Confidence belt 
wt-Mn  -.74  99%  -.36 to -.88 
wt-Co  .45  90%  -.08 to  .82 
Positive correlations exist between Al and Ir,  Co, Cr and Na. Among 
the siderophile elements Co-Ir, Co-Fe and Cu-Co and Cu-Ir correla-
tions are present at the 95% significance level.  It is also interesting 
to note that Sc also correlates with Cu and Co, while Mn exhibits a 
negative correlation with Cu. A positive correlation also exists for 
Fe and Cr. Table 19.  Correlation for LL6 chondrules (Cherokee Springs) at the 90% significance level (error weighted means were used) 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe 
Wt  0  0  +  0  0  =  0  0 
Al  0  ++  ++  0  +  0  -1--H- 0 
Fe  0  0  +  0  +  0  0 
Na  0  +  0  0  +  0 
0  0  0  0 
Cr  0  0  0  0 
+  0  + 
Co  +  + 
Ir  + 
+, - .45 - . 60 
-H-,  . 60 - .85 
+-H-, =  > . 85 75 
150 
100 
50 
.5  1.0  1.5  1.8 
Al (%) 
Figure 9. Al-V covariance graph for Cherokee Springs  chondrules (L1,6). 5 
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Figure 10. Al-Ca covariance graph for Cherokee Springs chondrules. 
1.8 Na (ppm)  
Figure 11. Na-Ca covariance graph for Cherokee Springs chondrules,  78 
Figure 8 is an Al-Na covariance diagram for Cherokee Springs; 
the correlation coefficient weighted by 1 /cr.2 for these two elements, 
is 0.88.  Figure 10 shows a scatter plot for Al and Ca; a weak anti-
correlation may be present. A V-Ca scatter plot (Figure 9) is also 
shown but it is impossible to ascertain a definite trend.  Na and Ca 
show a strong positive correlation as illustrated in Figure 11. 
The Alkali Elements in LL Chondrules 
Table 20a represents the analyses of a limited number of chon-
drules from the LL chondrites. The results indicate that the LL6 
chondrules are enriched in K compared to the whole rock value of 
770-1100 ppm (Goles, 1971d) while Rb and Cs appear to be depleted 
compared to about 2 ppm Rb found in the whole rock analyses of other 
LL6 chondrites.  The Rb/Cs ratio is consistently high for the LL6 
chondrules compared to the LL3 chondrules. Rb and Cs appear to be 
depleted in the higher petrograph grade.  Goles (1971e) indicates that 
this trend is consistent with the greater mobility (volatility) of Cs 
compared to the other alkali elements. The chondrules of Chainpur 
appear to be significantly depleted in both Rb and Cs (except for one 
chondrule) and the Rb/Cs ratio is high indicating that the fractionation 
process while depleting the chondrules in these elements apparently 
was highly selective in removing these elements.  It is important 
to note the relative constancy of Rb/Cs in the chondrite Chainpur over 79 
Table 20a Summary of alkali abundances in LL chondrules.a 
Class  Chondrules  Wt (mg)  Na (ppm)  K (ppm)  Rb (ppm) Cs (ppm) 
Rb 
Cs 
LL3  Chainptu.  12  6.654  9310  1000(?)  8.5  1.3  7 
21  30.38  1670  450  0.15  .02  8 
20  25.56  6970  120  0.15  .018  8 
23  87.94  2830  50  0.16  .028  6 
19  17.80  3710  200  2.6  .19  14 
22  39.22  7490  350  1.8  .22  8 
24  14.46  7890  220  1.06  .16  7 
LL3  Average  5700  398  2.1  .28  8.3 
LL6  Cherokee 
Springs  15  11.30  5650  1760  2.1  .054  40 
20  46.45  5380  1460  0.83  .003  280 
24  197.3  5560  130  0.10  . 001  100 
23  199.2  5680  1800  0.30  .0013  230 
25  100.8  7860  1440  1.00  .003  330 
6030  990  0.87  .012  196 
aAnalyses reported here are i 5% for Na and f 20% for K1 and f 10% Rb and Cs 80 
an abundance range of,L.,80. 
This short discussion is only a prelude to a much more complete 
work covering the H and LL groups which will include approximately 
two times the number of analyses reported here. 
The LL Group Chondrules: A Summary 
Histograms for each of the elements determined in approx-
imately 105 LL chondrules are shown in Appendix II.  The populations 
are multimodal and it is sometimes difficult to determine the exact 
location of the modes. Table 20b indicates the elements determined 
and their dominant apparent modes. 
Table 20b,  Summary of abundances for LL chondrules, 
Element 
Si (%) 
Al (%) 
Fe (%) 
Na (ppm) 
Mn (ppm) 
Cr (ppm) 
Sc (ppm) 
Cu (ppm) 
Co (ppm) 
Ca (%) 
Ni (%) 
V (ppm) 
Ir (PPm) 
aKeil et al.  ( 1964) 
bMason and Wiik (1964) 
cLoveland et al. (1967) 
d_ bchmitt et al. (in preparation 
Apparent Mode 
21-23 
1. 4-1. 5 
12-13, 14-15, >20 
7000-8000 
2600-2800 
3000-3200 
9-10 
410 
60-80 
1.2 -1.4 
0.2 -4 
70-130(?) 
0.2 
eUrey and Craig (1953) 
fGreenland and Lovering (1965) 
gEhman et al. (1970) 
Average whole rock  
LL chondrite  
la, b 
1.12: 
19.0 
6630d 
2560' 
3692d 
7.a 
91 
470d 
1.112 e, b 
68.8  
0.38g 81 
The tables in the appendix indicate the composition of the 
chondrules vary considerably from that of the whole meteorite or 
This indicates that these chon- from the Carbonaceous meteorites. 
drules have undergone an extreme fractionation process.  The 
inhomogeneity of these meteoritic inclusions is in sharp contrast 
to the overall homogeneity of the meteorites,  Schmitt et al. (in 
preparation) and Osborn and Schmitt (1971). 
The L Chondrules 
Chondrules from two L4 chondrites, Saratov and Tennasilm, 
represent this chemical and petrographic class.  A total of 45 chon-
drules were analyzed.  Histograms, cumulative frequency and log-
normal cumulative frequency graphs are presented in Appendix II, 
and the actual abundance data is given in Appendix I. 
In this group Si was determined in 25 chondrules,  including 
those previously determined by Schmitt et al.  (1967).  The popula-
tion is definitely bimodal with the average abundance occurring at 
24. 5 %.  The major mode occurs at 24-26% Si. 
The Al content of this group is about 30% higher than the Al 
in the whole chondrite with the average value at 1.31±0.35% and an 
overall mode at 1. 2 -1. 3 %.  The abundance distribution of Al also 
appears to be multimodal. 
The Fe distribution of this set of chondrules is very complex Table 21.  Average abundances for all L4 chondmles (34 chondniles ). 
Element  Simple mean  Error weighted 
mean 
Apparent mode  Average abundances 
for whole chondrites 
Mass (mg) 
a
Si (%) 
Al (%) 
Fe (%) 
bca 
(%) 
Na (ppm) 
Mn (PPra) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
(PPru) 
Cu (PPul) 
V (ppm) 
3.01 ±3.78 
24.5  4.5 
1.31  .35 
16.7 ± 16.1 
1.85 ± 1.0 
7560 ± 2730 
2930 ± 820 
3490 ± 1050 
9.3 ±4.7 
370 ± 1080 
2.0  ,6 
60 ± 80 
123  20 
1.18 ±.37 
9.8 ± 17.5 
1120 ± 7080 
930 ± 2190 
2240 ± 1640 
6.0 ±5.8 
7.9 ± 1140 
0.07  21 
37 ± 83 
24-26 
1.2-1.3 
9-12,15-16, others? 
8000-9000 
2600-3400 
3800-4000 
8-9 
<100 
de 0.10 
20-40 
18.7c, d 
1.10e 
22.0f 
6540f 
2460 
3780f 
8. if 
630f 
0.45h 
102f 
741 
aAverage of 25 chondrules 
bAverage of 3 values 
(Schmitt et al. (in preparation) 
gUrey and Craig (1953) 
cMason and Wiik (1965) 
dMason (1965) 
eLoveland et al. (1967) 
hEhman et al.  ( 1970) 
Greenland and Lovering (1965) 83 
with perhaps as many as three modes being present.  The first mode 
appears between 9-12%, the second mode between 15 and  16% Fe and 
a third mode occurring for Fe contents greater than 20%.  The aver-
age value is 16.7±16.1%.  The multimodal character of Fe is the 
probable cause of the multimodal character of the other elements in 
this group.  The majority of the chondrules are depleted in Fe com-
pared to the whole rock.  It should also be pointed out the great vari-
ation of Fe and other elements is attributed primarily to the Saratov 
chondrules. 
Both the Na and the Mn contents of the chondrules appear to 
be enriched over the matrix although there is a great deal of overlap. 
The Cr abundances show a great deal of dispersion and there is con-
siderable overlap with the matrix value, with some chondrules being 
highly depleted and others being highly enriched.  The extreme deple-
tions observed is to a large extent correlated to the high Fe contents 
of the Saratov chondrules. 
The Ir contents of the chondrules vary over a factor of a thou-
sand and they correlate with the Fe contents.  The modal value of 
Ir is less than 0.1 ppm while the average value is 2.0 ± 0.6 ppm. 
The Cu content also shows considerable variation with the highest 
Cu abundances occurring for chondrules with high Fe contents.  The 
average value Cu content is 60±80 ppm, with the modal value center-
ing between 20 and 30 ppm. Table 22.  Correlations for L4 chondrules at 90% significance level (39 chondrules; error weighted). 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt  0  0  0  0  0  0  0  0  0 
Al  +  +  +  +  0 
Fe  +++  +  -F-14  0  0  0  0 
Na  0  0  0  +  +  -HF 
Mn  0  0  0  +  +++ 
Cr  0  0  0  + 
Sc  0  0  0 
Co  +++  + 
Ir  + 
+4+, --- .85 
-- .84 - .40 
+_  <. .4 85 
Figure 12.  Cluster analysis for IA chondrules at the 95% 
significance level. 86 
Although only a very few Ca and V numbers were determined 
for this set they indicate a general enrichment in the chondrules 
compared to the whole rock.  The single Ni value determined gives 
a satisfying Ni/Co ratio of  18. 
Table 22 presents the results of the inverse square weighted 
correlation coefficients at the 90% significance level and Figure  12 
shows the results of simple cluster analysis at the 95% confidence 
level.  This illustrates a strong degree of correlation between all 
the siderophilic elements and Cu.  It is also interesting to note that 
the Al-Ir correlation is not evident in this set, and in fact, Al 
correlates negatively with these elements.  This effect, however, 
appears related to the high (metallic ?) Fe content of the chondrules 
and the strong siderophilic character of Ir, which would force the 
negative correlation.  The Sc-Al correlation still is observed. A 
strong Na-Mn correlation also exists. Moderate correlations between 
Al and Cr, Mn and Na are present, as well as, a Sc-Cr  correlation. 
Appendix II gives the numerical value of the correlation coefficients 
which are significant at the 90% level. 
Chondrules from the C Chondrites 
Chondrules from the C2 Chondrites 
The chondrules from the C2 class of meteorites are well 
represented by Al Rais, Kaba, Mighei, Mokoia, Murray, Renazzo, Table 23.  Summary of abundances for C2 chondrules. 
Average  Simple mean for  Apparent mode for  Simple mean for  Simple mean for  Average Type III 
Element 1  Type II  al 1 C2 chondrules  all C2 chondrules  C (II) 2  C(III) 2  chondrite 
chondrite 
Wt (mg) 
Si (%) 
Al (%) 
Fe (%) 
Ca (%) 
Ni (%) 
Na (ppm) 
Mn (ppm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Cu. (ppm) 
Ir (ppm) 
V (ppm) ) 
a
13.3
b
1.08 
23.7a 
1.37c  c 1.24 
3840a 
1630a 
3070a 
7.4a 
530a 
126a 
0.84d 
18.2 ± 5. Of 
1.56 ± 1.98g 
15.3 1 17. Kg 
3.1. ± L5 
1.61 
1590 ± 1720 
1490 ± 940 
3770 ± 680 
12.4 / 6.9 
420 ± 520 
68 ± 40 
2.8 / 12.5 
188  ± 801 
18-20 
1.0-1.2 
8-12 
2-3 
1-2.2 
500-1000 
1000-1500 
{i§:4114:1 
10-11 
<100 
60-80 
0.1-0.2 
260-300 
1.96 ± 3.66 
20 / 3 
1.37 ± 19.8 
16.0 ± 19. t 
1.9 ± 0.9 
1.4 ± . 5 
1000 ± 620 
1750 ± 990 
4100 ± 1700 
13.6 1 8.1 
410 ± 620 
69 ± 37 
3.7 ± 15.1 
210  100k 
2.08 ± 1.80 
19  ±3 
1.94  1.38 
11.6 / 6.0 
3.5 / 1.5
k 
1.1 ± . 9h 
2810 ± 2500 
970 / 540 
3090 / 1420 
10.2 ± 2.6 
430 ± 210 
67 ± 46 
0.76 1 . 38 
280 ± 20k 
15. 7a 
1.37b 
24.7a 1.7c 
1.39c 
3510a 
1490a 
3530a 
9. la 
620a 
117a 
0.60e 
771 
aSchmitt et al. (1965) 
Loveland et al. (1969) 
c
Mason (1965) 
dCrockett et al. (1967) 
6 analyses 
kLess than 4 analyses 
'Kemp and Smales (1960) 
Ehman et al. (1970) 
f90 analyses 
8111 analyses 
h 
5 analyses 
ill analyses 88 
and Santa Cruz. These chondrites may be further subdivided into 
Type II and Type III (Wiik, 1956).  Kaba and Mokoia are members of 
the chemical class III of petrographic grade 2.  The actual abundance 
data is presented in Appendix I.  Appendix II presents a summary of 
abundances, correlation coefficients and selected histograms sum-
marizes chondrule abundances from this class.  Table 23 summarizes 
the abundances for the chondrules from the  petrographic class C2 
and subdivides the petrographic class into Type II and Type III which 
I represent as C(II)2 and C(III)2, respectively. 
The Si content of all C2 chondrules is 18. 5 %. The modal value 
also supports the mean with the mode falling between 18-20% Si. 
There is, however, considerable skewing on the low Si side with a 
strong indication of a second mode at lower Si contents.  The average 
Si abundances indicate that Renazzo chondrules are highly depleted 
in Si and bimodal as first suggested by Schmitt et al. (1967).  The 
Murray chondrules appear to represent the other end of the spectrum 
by having the highest Si content of 21. 2 %. 
The Al contents of the C2 chondrules is 1. 56± 0.98% for 111 
analyses.  The lower modal Al abundance is centered from 1 to  1. 2 %, 
with considerable tailing on the high Al side.  The Al contents range 
from a low of 0.0 for a Renazzo chondrule to a  high of 7. 7% for a Kaba 
chondrule.  The averages and the modes do not in general correspond 
for these chondrules.  The mode is generally lower than the average 89 
which, of course, indicates the existence of chondrules with high 
Al values.  The average Al content of the chondrules is elevated 
over the averages of C2 chondrites given by Loveland et al. (1967) 
but more significantly the modal value appears to be depleted.  Sig-
nificant overlap occurs with many chondrules being depleted in Al as 
compared to the matrix and 40% of the chondrules exhibiting a sig-
nificant enrichment of Al ( > 10%).  The population is multimodal. 
The Fe contents of this set of chondrules exhibits a great deal 
of diversity.  The Fe rich chondrules of Renazzo are at one extreme 
with the chondrules for Murray representing the other extreme. 
There is a great deal of overlap with high Fe chondrules being 
observed in several other sets, as well as low Fe abundances in 
Renazzo.  The average Fe abundance for 111 chondrules is 15±17% 
with a modal value of 8-12%. Renazzo has the highest average Fe 
abundance of 33±28% representing two modes; the lowest mode is 
at less than 20% Fe and the other apparent mode is greater than 30% 
Fe.  Renazzo not only has the chondrule with the highest Fe content 
(94%) but also the chondrule with the lowest Fe abundance (2.8%). 
The other sets have average Fe contents that range from 9 to 14% 
and the individual chondrules fall between the two extremes exhibited 
in Renazzo. 
The Na abundances of most of these chondrules have been dis-
cussed by Schmitt et al. (1965).  However, new values have been 90 
determined and new chondrules are added to the set.  The average 
Na abundance is considerably depleted in these chondrules as com-
pared to the matrix.  The average value is 1590+1720 with the appar-
ent mode displaced considerably from the mean at 500 to 1000 ppm. 
The high mean value again indicates that a second population of high 
Na content exists; Na abundances range from 97 to 15000 ppm. The 
average whole chondrite abundance of the C2 meteorites centers 
between 3400 and 4500 ppm (Schmitt et al., in preparation), the 
tables by Schmitt et al. also indicate the Na abundance of the Murray 
chondrite is about 1500 ppm. 
The average Mn abundance in the C2 chondrules is about 
1500+940 ppm; the mode centers between. 1000 and 1500 ppm.  There 
is considerable skewing on the high abundance side of the mode with 
a range of values from 40 ppm to about 4600 ppm; the lowest value 
occurs for a high Fe chondrule in the Renazzo set.  The Mn content 
appears to be slightly lower than the average Mn content of  1650 ppm 
for C2 chondrites as reported by Schmitt et al. (in preparation). 
There is overlap with this value with approximately 25% of the chon-
drules exhibiting Mn abundances greater than 2000 ppm and 70% with 
abundances less than 1500 ppm. 
The Cr frequency histogram for the C2 chondrules shows a 
double spike.  The first peak occurs between 2500 and 3000 ppm with 
the second occurring between 3500 and 4000 ppm.  There appears to 91 
be considerable tailing on the high Cr side on the histogram with 
some values approaching 8000 ppm.  The lowest contents are asso-
ciated with the high Fe chondrules of Renazzo.  The mean Cr abun-
dance is 3770±1680 ppm which compares to 3140 ppm for the whole 
chondrite (Schmitt et al., in preparation).  The mechanism that 
produced chondrules enriched Cr in them compared to the whole 
rock. 
The Sc content of chondrules from the C2 meteorites closely 
follows the chemistry of the lithophile element Cr, i. e., it is highly 
depleted in high Fe chondrules of Renazzo and enriched in the major-
ity of the chondrules. The highest Sc contents were found in Mighei 
which had an average of 20±8 ppm, although the highest single Sc 
content of 44 ppm was found in a Murray chondrule.  There is con-
siderable overlap between each of the sets and the differences between 
sets probably are not significant. 
The simple mean Co content in all C2 chondrules is 420+520 
ppm with the modal value centering at less than 100 ppm.  This wide 
discrepancy between the mean and the mode results from the high Co 
abundances of the high Fe chondrules.  The Co abundance of one 
Renazzo chondrule was 2800 ppm. There is, however, considerable 
overlap of Co abundances between all sets; the lowest value observed 
was 19 ppm from a chondrule from Santa Cruz. 
Many of the Cu values reported here were discussed by Schmitt 92 
et al. (1965).  The average Cu abundance was  68±40 ppm with the 
mode falling between 60 and 80 ppm.  The Cu content of the chondrules 
Is 
is generally lower than the matrix and wide overlap of values between 
the sets is observed. 
The Ir content of the chondrules is highly variable ranging from 
The average Ir abun- 0 to 18 ppm in the smallest Al Rais chondrule. 
dance in the chondrules is 3±13 ppm,  with a mode occurring between 
0.1 and 0.4 ppm. There appears to be a second significant mode 
between 0.7 and 0.8 ppm.  It is highly significant to note that the 
highest Ir contents do not, in general, occur in chondrules with the 
highest Fe contents. 
Table 24 summarizes the correlation coefficients at the 90% 
significance level for the C2 class of meteorites.  It should be pointed 
out that the overall correlation coefficients may obscure some corre-
lations which occur for the individual sets; where this appears to be 
significant, mention of it will be made in the text.  For the actual 
correlation coefficients the reader is referred to Appendix U. 
In the overall set there appears to be a positive mass-Co 
correlation at the 90% significance level.  The only individual set 
where this correlation occurs is for Mighei. At the 95% significance 
level a mass-Sc correlation occurs for Murray chondrules. 
Correlation coefficients for Si were computed for chondrules  
from Al Rais, Murray, and Mokoia; a total of 38 chondrules were  Table 24.  Correlation coefficients for all C2 chondrules at the 90% significance limits (error weighted). 
Mn  Fe Al Ir  Co Sc Cr  Na 
0  0 0 0 +  0 0 0 Wt  0 
0 0 0 0 +  = 
Si  0 
Al  0 + +  + + 0 
0  -H- + +  + + Fe 
0 0 +  + Na 
0 Cr  0 0 
Sc  0 + 
Co  0 
Tr 
+, -4..75 
-H-, = >. 75 94 
used.  The correlations confirmed the suggestions of Schmitt et al. 
(1967) that a negative correlation of Si with metallic Fe was present. 
This can be inferred from a negative correlation at the 99.9%  signifi-
cance level for both Co and Fe. A positive Mn-Si correlation at the 
99% level is consistent with the lithophile character of Mn.  The Ir-Si 
correlation was not calculated and its relation remains unknown. 
Other positive Si-lithophile correlations are also observed for Al 
Rais chondrules. 
For two of the six chondrule sets studied in this group a sig-
nificant Ir-Al correlation exists; both sets exhibit a positive corre-
lation of about 0. 6.  This correlation, however, is not observed for 
the composite set.  Weak positive correlations are present for Al 
with Cu, Co and Mn and moderate correlations for Al with Sc and Na. 
A weak negative Cr-Al correlation is also present, despite the fact 
that a positive correlation exists for the Murray and Renazzo subsets. 
The siderophilic tendency of Fe is clearly demonstrated by the 
strong positive Fe-Co correlation in the total set and most of the 
subsets."Mighei and Kaba chondrules do not show this correlation. 
Although the Fe-Ir correlation is not observed in the total set it is 
observed in four of the subsets.  In the overall set Fe indicates its 
lithophilic tendencies by weak positive correlations with Sc, Cr, Mn 
and Na.  It also positively correlates with Cu, perhaps due to the 
chalcophile tendency of Fe or a weak siderophile tendency of Cu. 2000 
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Weak positive correlations are observed between Na and Mn, 
Sc-Na exhibits a weak anticorrelation with Cr, perhaps  indicating 
the presence of a spinel.  In those subsets where a positive Al-Ir 
correlation exists, an Ir-Na correlation also appears. 
The lithophilic element Mn appears to be associated with the 
lithophilic elements Sc and Cr while also showing a weak positive 
correlation with Cu and Co.  Cr shows a weak anticorrelation with Co 
in the overall set and a variety of additional correlations for the sub-
sets.  Sc-Cu and Sc- Co correlations are observed in the overall set 
while Co correlates with Cu and Ir.  The siderophilic elements Fe, 
Co and Ir do not correlate at the 90% significance level for the overall 
set, although these correlations do occur to some extent in the C2 sub-
sets. 
In general the C2 meteorite class shows a great deal of diversity 
between sets and the correlation coefficients have complex relation-
ships.  There are basic correlations which appear to dominate through 
the diverse correlations in the sub-groups.  The most fundamental 
appears to be the AL -Na and the anti Fe-Si; other correlations, although 
not always significant at the 90% confidence level, others which consistently 
occur are: Al- Mn, Al- Sc,  Na-Sc, Mn- Cr, Mn-Sc, Mn- Co, Mn- Cu, 
and Cr-Sc. 98 
It is evident from the previous discussion of correlations and 
abundances that chondrules from Kaba and Mighei have many proper-
ties different than the C(II)2 chondrule and should be considered as 
a different class perhaps originating from a different source than the 
The chondrules for both the C(II)2 and C(III)2 sub- C(II)2 chondrules.  
classes resemble the whole rock abundances of Type II and Type III  
chondrites.  The correlations for the C(II)2 and C(III)2 are contrasted 
It appears the C(III)2 by the simple cluster analysis in Figure 15.  
chondrules represent a much more complex system than the C(II)2  
chondrules.  The increased complexity and different elemental abun-
dances indicate that the C(II)2 and C(III)3 chondrules are not related 
by any simple mechanism,  if they are related at all. 
Chondrules from the C3 Chondrites 
The chondrules from the C3 class  of meteorites are represented 
Analyses of by Felix, Lance, Ornans and Vigarano chondrites. 
Allende chondrules by R. G. Warren (1971) are also included in this 
section.  The actual data for all these sets are reported in Appendix I 
and Appendix II presents  the averages, modal abundance,  and corre-
Table 25 summarizes the lation coefficients for the individual sets.  
abundances for all the C3  chondrules.  The C3 chondrites may be  
subdivided into two subgroups on the basis of chondrule sizes, 
morphologies and the amount of opaque matrix material (Van Schmus, Table 25,  Summary of all C3 chondrules. 
Element  Simple mean  Error weighted  Apparent mode  Type III 
mean  Type III  whole chondrite 
abundance 
Wt (mg)  3.86 ± 12.54  41 
a
Si (%)  20.2 ± 2.1  19-22  15.7c' 
d 
Al (%)  2.52 ± 2.23  1.63 ± 2.40  1.3-1.4,1.7-1.8  1. 37e 
Fe (%)  11.9 ± 7.2  9.9 ± 7.5  8-10,13-14  24.7f 
bNi 
(%)  0.61 f . 51  0.40±0.55  0.8-2  1.39 
Na (ppm)  5910 ± 3460  2880 ± 4610  3000-4000  3510
f 
Mn (ppm) 
Cr (ppm) 
1220 ± 740 
3960 ± 1800 
290 ± 1200 
3230 ± 1950 
500-1000 
3000-3500 
14 90f 
3530
f 
Sc (ppm)  18.5 .± 16.5  14.2 ± 17.0  12-.14  9.1
f 
Co (ppm)  350 ± 440  170 ± 470  100-200,400-500  620f 
a
Cu (ppm)  150 ± 208  58 ± 41  50-100  117f 
Ir (ppm)  0.73 + . 99  0.31 ± 1.08  0.3-0.80  0.60 
aNo value from Allende was determined 
e
Loveland (1969) 
bOnly values from Allende chondrules were determined  (Schmitt et al. (in preparation) 
cMason (1962-1963)  gEhman et al. (1970) 
d Clarke (1970 100 
1969).  The two classes are the Vigarano and the Ornans subtypes. 
The Vigarano subtype contains a larger fraction of opaque matrix 
material between the chondrules and they appear "spongy" according 
to Van Schmus. Allende belongs to the Vigarano subtype Mason 
(1971). Van Schmus classifies Felix, Ornans and Lance as occur-
ring in the Ornans subtype.  The two C2 chondrites Kaba and Mokoia 
are classified as members of the Vigarano sub-type, and the classi-
fication of Karoonda (C4) is not certain due to extensive recrystal-
lization.  Since chondrules characteristics are important in 
establishing the Vigarano and Ornans subtypes Tables 26 and 27 
summarize the chemical composition of these chondrule subclasses. 
The Si content of the limited number of chondrules measured 
yields an average value of 20. 1±2. 1% this appears to be supported 
by the modal value. 
The average Al content of all C3 chondrules 2. 5±2. 2%; the 
average of the Ornans subtype chondrules is 2. 0±.9%.  The Vigarano 
subtype average is almost entirely due to the Allende chondrules 
which give an average Al content of 2.9±2.7%; the Vigarano chon-
drules have an average of 2. 7±2.0.  The modal values of the two 
subtypes appear to be different with the Vigarano subtype apparently 
exhibiting a higher Al content than the Ornans subtype. 
The average Fe content for all C3 chondrules was 11.9±7. 
The Ornans subtype had an average Fe content of 15. 0±9.7% and the 101 
Table 26.  Averages of C3 chondrules, Oman subgroup (Omans,  Felix and Lance). 
Simple mean  Error weighted Element 
mean 
20.2 ±2.1  Si (%) 
2.03 + . 93  1.45 ± 1.10 Al (%) 
10. 9 ± 10.6  15.0±9.7 Fe (%) 
5070 ± 4640  6080 ± 3280  Na (ppm) 
1180 ± 830  1380 1 6580  Mn (ppm) 
3060 ± 2000  3720 ± 1310  Cr (ppm) 
9.2 ± 9.1  14.8 ± 7.2  Sc (ppm) 
175 ± 700  510 ± 610  Co (ppm) 
54 ± 250  160 ± 220  Cu (ppm) 
0.33 ± .79   0.71 ± .69   Ir (ppm) 102 
Table 27.  Averages of C3 chondrules - Vigarano subtype. 
Element  Simple mean  Error weighted 
mean 
Wt (mg)  6.1 ±16.0 
Al (%)  2.85 ± 2.74  1.72 ± 2.97 
Fe (%)  9.8 13.5  8.3 ± 3.8 
aNi (%)  0.61 ± . 51  0.40 ± .55 
Na (ppm)  5640 ± 4000 
Mn- (ppm)  1120 ±780  270 ± 1160 
Cr (ppm)  4130 ± 2000  330 ± 750 
Sc (ppm)  21.0±20.3  15.8±21.0 
Co (ppm)  250 ±200  97 ±250 
bCu (ppm)  92 ±38  76 ±41 
Ir (ppm)  0.74 ± 1.16  0.30 4.1. 24 
aaverage of 61 Allende chondrules 
b average of 7 Vigarano chondrules 103 
average of the Vigarano subtype is 9. 7±3. 6% Fe with the modes 
exhibiting a great spread.  It appears the averages may be  supported 
by the modal values.  The Allende Fe distribution appears distinctly 
lower than the Fe contents of the other chondrules, although there is 
a great deal of overlap. 
The Na contents of the entire set of C3 chondrule is 5910+3460 
ppm.  The chondrules from Ornans subtype  have an average Na con-
tent of 6080+3280 ppm and the Allende chondrules have an average Na 
content of 6090+3600 ppm. The Vigarano and Allende chondrules 
have about the same Na content as the Ornans subgroup and this is 
supported by the modal values of both subtypes. 
The Mn abundances for the C3 group do not exhibit large varia-
tions between Vigarano and Ornans subtypes.  The overall mean for 
all C3 chondrules 1220+740.  The average of the Ornans subgroup 
is 1380+6590 and the average of the Vigarano subgroup is 1120+780 
ppm. The Vigarano chondrules have an average Mn content of 
880+230 and the Allende chondrules  have an average Mn abundance 
of 1140+810 with a modal value of 200-800 ppm.  This appears to be 
slightly lower than the modal value of the Ornans subtype but there 
is a great deal of overlap.  The Ornans subtype appears to have a 
bimodal Mn distribution with modes at 600 and 1200 ppm. 
The average Cr content of chondrules  from C3 meteorites is 
3460+1810 ppm. The Ornans subgroup exhibits a mean value of 104 
3720+1310 ppm while the Vigarano subgroup has a mean value of 
5640+4000 ppm.  The average of the Vigarano chondrules is  2450+690 
ppm; this places the Vigarano chondrules at the lower end of the Cr 
distribution for both Allende and the Ornans  subgroups. 
The Sc content of all C3 chondrules is  18.5+16.5 ppm. The 
Ornans subgroup shows a Sc content of 14.8+7.2 ppm while the 
Vigarano subgroup has a Sc content of 21.0+20.3 ppm.  The chondrules 
of Vigarano are more in line with the Ornans  subgroup with a Sc con-
tent of about 15 ppm.  This is considerable overlap in the distribution 
between the two groups of C3 meteorites. 
The Co abundances of the two subgroups of C3  chondrules also 
appear to be different although there is significant overlap.  The 
overall average for all C3 chondrules is 350+440 ppm; for the 
Vigarano subgroup, 250+200 ppm; and for the Ornans  subgroup, 
the Co abundances are 510+610 ppm.  These averages are supported 
by the modal values. 
The Cu content of the Ornans subtype is 160+200 ppm and the 
Cu content of the Vigarano chondrules (7 measurements) is 92+38 ppm. 
This difference is probably significant and Cu may be even more de-
pleted in the Allende chondrules. The average Cu content of the 
Ornans subgroup is higher than the average of whole rock Cu contents 
for these meteorites.  This is a puzzling effect which is supported 
by the population frequency histograms.  There appear to be two 105 
different Cu populations; the second population is  higher than the 
whole rock abundances.  The second and larger population centers 
at about 60 to 80 ppm, representing a significant depletion of Cu. 
The Ni contents of the Allende chondrules have been discussed 
by Warren (1972) and the Ni/Co ratios exhibit a variation from about 
9 to 50. 
The Ir abundances of all C3 chondrules is 0. 73±0.99 ppm. 
This is very close to the Ir content obtained by Crockett et al. (1967) 
for Ir in the Ornans chondrite.  The chondrules from the Ornans 
subtype average 0. 71±0. 69 ppm and those from the Vigarano subtype 
average 0. 74±1. 16 ppm.  There is a great deal of dispersion for Ir 
abundances in the chondrules with Ir contents ranging from 0±. 01 to 
over 5. 8 ppm. 
In general the absolute abundances in the C3 chondrules indicate 
they are enriched in the refractory oxides of Al, Sc, Cr,  V, and Ca, 
although there is a great deal of overlap involved with the whole 
chondrite abundances.  The Vigarano subgroup appears to be dis-
tinctly different from the Ornans subgroup on the basis of higher 
refractory elemental abundances in the Vigarano group.  The chon-
drules from Vigarano, on the basis of chemical abundances, appear 
to occupy an intermediate position between Allende and the Ornans 
subgroup.  However, there is considerable overlapping between these 
two subgroups. 106 
The correlation coefficients for the various  chondrule sets 
are given in Appendix II, as well as, the correlations for Vigarano 
and Ornans subgroups.  Table 28 summarizes the abundances for 
the C3 chondrules at the 90% significance level. 
The correlation coefficients of the C3 meteorites are approx-
imately the same as observed in the C2 chondrites.  It is highly 
significant to note that for 115 chondrules the existence of the Al-Ir 
The Al-Sc correlation is far above the 99.99% significance level. 
correlation is strong and also is highly significant.  The siderophilic 
elements and Cu all exhibit positive  correlations.  The Ornans sub-
group exhibits a significant correlation for Al-Mn which does not 
appear in the Vigarano subtype. A significant Ir-Sc correlation 
occurs in both subgroups and in the overall correlation coefficients. 
An interesting Cr-Na correlation exists for the subsets and the over-
all set; this correlation, however, is not consistently observed in all 
the individual sets.  Due to the large number of chondrules  in the C3 
set many additional weak correlations are observed such as negative 
Al-Fe and Fe-Sc correlations which would go unnoticed in smaller 
sets.  The remaining correlations are generally correlations that 
are expected on a geochemical basis. The reader is referred to 
Appendix II and to Table 28 to 31 for additional correlations. Table 28.  Correlations for all C3 chondrules at the 90% significance level (error weighted). 
a
Ni  Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt  0  0  +  0  +  0  0  0  + 
Al  0  0  -H- 0  +-H- 0  +  + 
Fe  +  +44  -H-I- -H-I- +  +  + 
Na  +  0  +  +  0  +++  ++ 
Mn  0  0  0  +  0  ++ 
Cr  +  +  +  +  0 
Sc  0  0  -H- 0 
CO  +++  +-I-1- + 
Ir  0  + 
+44, zr >. 75 
= .75 - .5 
- < .5 
aNi correlations are from Allende chondrules only 
b Ca correlations are from C3 chondrules excluding Allende Table 29.  Correlations for C3 Vigarano subgroup at the 90% significance leveLf error weighted). 
Na  Fe Al Ir Co  Sc Cr Mn 
wt  + 0  + 0 0 0 0 
Al  +++ 0  -F-H- 0 0  + 0 
0 Fe 0  ++  + + 
+  ++ + Na  + 0 
Mn 0  + 0 + 
Cr  + + 0 
Sc  +4-1- 0 
Co  + Table 30.  Correlations for C3 Ornans subgroup chondrules at the 90% significance level (error weighted). 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt  0  0  0  0  0  0  0  0  0 
Al  0  +  0  ++  0  +  -14  0 
Fe  4-H- +  4-H- 0  0  0  0 
Na  0  +  +  ++  0  4-I-
0  0  0  +  ++ 
Cr  0  0  +  + 
Sc  0  +  0 
Co  +44  + 
Ir  + 110 
Table 31.	  Variations in correlations between Vigarano and Ornans 
subgroups, 
Present only for  Present only for  
Vigarano subgroup  Ornans subgroup  
mass -Ir  Al-Mn 
mass -Sc  Fe-Ir 
mass-Al  Na -Co 
Fe-Sc (-)  Cr-Sc 
Fe-Cr 
Fe-Mn 
Cr-Ir 111 
C4 Chondrules 
Karoonda represents the only group of chondrules from a C4 
meteorite studied in this report. Van Schmus and Wood (1967) were 
uncertain as to the exact petrographic classification of the Karoonda 
meteorite.  They indicate that it may be a grade 5. 
The frequency histograms and the cumulative frequency graphs 
for the major elements Al and Fe indicate the chondrule population 
is multimodal. Compared to the whole chondrite value the average 
value and the mode indicate a similar content of Fe in the chondrules. 
There is also a second population with high Fe contents (> 30%) and 
high Al contents ( > 2%).  The average content of Al is about 30% lower 
than the whole chondrite value. 
The abundances of the lithophilic element,  Na, are depleted 
in the chondrules although the average Si content is roughly the same 
as the whole condrite value.  The average value of the Mn and Cr 
contents are roughly the same as the whole rock while the Sc content 
appears to be increased by about 30%. 
The siderophilic elements Ir and Co appear  to exhibit an enrich-
It is ment in the chondrules although there is considerable overlap. 
also apparent that these elements exhibit a multimodal population 
because some chondrules are enriched and others  depleted.  The 
Ni content averages about 2. 3% and the Ni to Co ratio obtained by 112 
dividing the averages of the two elements is about 26.  Although only 
two values for V were determined both were enriched by approx-
imately a factor of two in V content.  The Ca content of two chon-
drules determined were also considerable enriched compared to the 
matrix. 
The correlation coefficients (weighted by the inverse square 
of the estimated error of the individual measurements) are given 
in Appendix II and are summarized at the 90% significance level in 
Table 33.  No mass element correlation was observed for any 
elements. A strong Al-Na correlation (0.94) characteristic of the 
higher grades was evident.  The lithophilic elements Al, Mn and Na 
anticorrelate or exhibit no correlation with the siderophilic elements; 
however, Cr correlates with Cu and Co.  The siderophile elements 
Co, Ir and Fe correlate fairly well and Cu is also in the group. 
Chondrule #12 has been excluded from the above discussion it 
contains 7. 8% Fe, 22. 5% Al, 250 ppm Sc and 23. 9 ppm Ir.  This is 
a unique chondrule and drastically alters the chemical correlation 
coefficients as illustrated in Appendix II.  This chonchule represents 
an extreme case of the Al-Ir-Sc correlation mentioned earlier. Table 32.  Karoonda chondrules C4 (Type III) 16 chondrules; 
Simple mean  Error weighted  Apparent mode Element 
1.76 f 2.58  Wt (mg) 
15.4 ± 2.1  Si (%) 
1.01 ±.64  0.72 t . 72  Ll 8Al (%) 
Fe (%)  24.7 f 5.1  26.9 t 5.6  21-22 
aNi  2.3 f .8 
3.5 ± 1.5  Ca (%)  
<1400  Na (ppm)  1690 f 1130  1060 f 1310 
1200-1400 1330 ± 110  1310 f 110 Mn (PPrn) 
3000-3200 2740 *1080 3260 ±930 Cr (ppm) 
Sc (ppm)  11.7 ±4.8  9.9 ±5.2  8-11. 
500, >1000 Co (ppm)  870 f 300  460 ±520 
1. -1.2  0.92 ± . 44  0.80 ±.46
(PP121) 
170 ± 102  143±106  80-100 Cu (ppm)  
V (ppm)  187 f57  
Average abundance of Type II and ** chondrites from Mason (1963) a5 values  
2 values  gEhman et al (1970)  
cMason and Wiik (1962) 
hGreenland and Lovering (1965)  
dLoveland et al. (1967)  This excludas chondrules #12 with 22.5% Al, 250 ppm Sc.,  
23.9 ppm Ir, and 7.8% Fe  e Schmitt et al. (1970) 
Whole rock 
abundances 
15.6c 
1.43d 
22.6e 
1.28E 
1.51f 
3360e 
1330e 
3770e 
10.2e 
680e 
0.64g 
100e 
84. 7h Table 33.  Correlations at the 90% significance level for C4a chondrules (error weighted). 
Jr  Ca  Sc  Cr  Mn  Na  Fe  Al 
wt  0  0  0  0  0  0  0  0  0 
Al  0  0  0  0  0  -H-
Fe  0  0  0  0  0 
Na  0  0  0  0  0  0 
Mn  0  0  0  0  0 
Cr  0  +  0 
Sc  0  0  0 
Ca  + 
Jr 
aThis excludes chondrule #12 with 22.5% Al, 2,50 ppm Sc, 23.9 ppm Jr and 7.8% Fe 115 
These results indicate the  chemical composition of the  chon-
drules vary considerably from that of the whole meteorite.  This 
indicates these chondrules have undergone an extreme fractionation 
process, if they were produced from material similar to  Type I 
carbonaceous material. 116 
Cu 
C(II)2 
Cr 
Mn 
C(III)2a 
Na 
Al  Sc 
Fe 
Co 
Figure 15.  Cluster analysis for C2 chondrules at the 
95% significance level. 
aThe correlation of Fe with Co and Ir are much stronger for the
unweighted correlation coefficients and, therefore, have been 
included. 117 
The C Group Chondrules: A Summary 
Histograms for most of the elements determined in approx-
imately 110 chondrules are shown in Appendix II.  The populations 
are multimodal and it is sometimes difficult to estimate the location 
of the mode.  Table 34 indicates the elements determined and their 
dominant apparent modes. 
Table 34.  Summary of abundances for C chondrules. 
Element  Mode Type II  Mode Type HI 
chondrules  whole rock  chondrules  whole rock 
Si (%)  18-20 
a 
13.3  18-20 
a 
15.7 
Al (%)  1.0-1.2  1.08  1.3-1.4,1.7-1.8 
b 
1.37 
Fe (%)  8-12  23.7a' c  8-10, 13-14  24.7
a, c 
Ca (%)  2-3 
a
1.37  2-3 
a
1.7 
Ni (%)  1.-2.2 
a
1.24  0.8-2  1.39a 
Na (ppm)  500-1000  3840c  3000-4000  3510c 
Mn (ppm)  1000-1500  1630c  500-1000  1490c 
Cr (PPm)  3500-4000  3070c  3000-3500  3530c 
Sc (ppm)  10-11  7.4c  12-14  9.1
c 
Cu (ppm)  60-80  126c  50-100  117d 
Co (ppm)  4_100  530c  100-200, 400-500  620c 
Ir (ppm)  0.1-0.2  0.84d  0.3-0.8  60d 
V (ppm)  200  260 
77e 
a
Mason (1963) 
bLoveland et al. (1967) 
Schmitt et al. (in preparation) 
dEhman et al. (1970) 
e Greenland et al. (1961) 
c118 
IV. HOMOGENEITY OF INDIVIDUAL CHONDRULES 
In several cases individual chondrules were  shattered during the 
course of the experimentation,  broken in the matrix or were broken 
during extraction.  The sections of the chondrules were then analyzed 
both independently and jointly.  In the data tables these analyses are 
indicated by an A and B representing the two fractions.  Three typical 
analyses are shown in Table 35. 
Another indication of the inhomogeneity of the chondrules was 
observed by the author as he ground the petrographic thin sections 
by hand. The metallic phase occurred in dispersed regions and 
during grinding several large metallic crystals would be ground 
through.  The petrographic thin sections shown in the next section 
also indicate the inhomogeneity of the chondrules. 
One immediate conclusion of this short section is that a com-
plete representation of the chemical composition is possible only by 
whole chondrule analysis. Table 35. Abundances in two fractions of individual chondrules, 
Meteorite  wt (mg)  AI( %)  Fe (%) 
Forest City 
A  1.82  1.47  8.9 
B  2.48  1.22  15.3 
Na (ppm) 
8970 
7100 
Mn ( ppm) 
2670 
2800 
Cr (ppm) 
3000 
3070 
Sc (ppm) 
17.1 
13.8 
Co (ppm) 
9.8 
7.5 
Ir (ppm) 
0.16 
0.04 
Soko Banja 
A 
B 
4.96 
1.04 
13.6 
17.8 
3600 
3640 
24.0 
8.2 
24 
43 
0.02 
0.10 
Renano 
A 
B 
1.50 
1.13 
1.52  10.8 
78 
5570 
3510 
3060 
37 
3850 
3280 
9.7 
3.5 
218 
2130 
0.14 
0.77 120 
V. MINERALOGY AND ELEMENTAL 
CORRELATION COEFFICIENTS 
The silicate phase of chondritic meteorites  has been postulated 
to consist of two fractions (Anders,  1964; Larimer, 1967), a low 
temperature fraction, the matrix, and a high temperature fraction, 
the chondrules.  Chondrules are rounded inclusions ranging from a 
few tenths of a millimeter in diameter to almost a centimeter. Most 
are composed of olivine, pyroxene,  and glass with some plagioclase. 
Trace amounts of apatite or zircon accessory minerals may be present. 
Chondrules may also contain metal and troilite.  Monomineralic chon-
drules are rare. 
Petrographically and texturally chondrules may be divided into 
three groups (Dodd, 1969); excentroradial, i.e.,  composed of fan-
like arrays of low Ca pyroxene; barred olivine, i.e., composed of 
one or more multiple sets of optically parallel olivine plates sep-
arated by glass or microcrystalline materials; and microporphyritic, 
i.e., consisting of subhedral to euhedral  microphenocrysts of 
olivine or, less commonly low Ca-pyroxene in a glass or fine grained 
(devitrified glass ?) matrix. 
If chondrules are considered as essentially independent systems 
at the time of formation then the availability of the chemical elements 
in the microsystem necessarily controls  the mineralogy. Alterna-
tively, if the chondrules had an opportunity to interact with their 121 
environment the trace element distribution will largely be a function 
of the mineralogy of the microsystem.  Consequently, this section 
is devoted to a short discussion concerning expected geochemical 
associations, the mineralogy of selected chondrules and their ele-
mental distribution.  It is important to distinguish between correla-
tions expected solely on the basis of mineralogy and those which are 
expected on the basis of cosmochemical fractionation. 
The skeletal atom of silicate mineralogy is Si which is tetra-
hedrally linked to oxygen or other Si atoms by  covalent bonds.  The 
abundances of Si in chondrules have been previously discussed by 
Schmitt et al. (1967).  Their work indicated that the Si population 
of chondrules was bimodal and enriched over the whole chondrite 
value by approximately 25%.  They also found a negative Fe-Si 
correlation which they speculated arose from displacement of silicate 
phases by metallic or magnetite phases. They,  however, considered 
this speculation due to  large errors in the Fe determinations. The 
additional Si analyses in this work confirmed their observations of 
a multimodal distribution and due to improved Fe determinations 
this distribution can be definitely related to a multimodal distribution 
of Fe content.  The photomicrographs (Figures 16-22) also confirm 
this conclusion, i. e., those chondrules with large quantities of 
opaque phases have higher Fe contents and lower Si abundances. 
The siderophilic elements Fe, Ni, Co and Ir are  expected to 122 
correlates since they form metallic phases.  Consequently, their 
correlation is not surprizing in chondrules containing metallic phases. 
This correlation is especially strong and prevalent between Co and 
Ir which occurs in all chemical classes studied.  This correlation 
probably results because Co is considerably more siderophilic than Fe 
especially at high temperatures (Krauskopf, 1967). The photomicro-
graphs when compared to the elemental abundances indicates that Fe, C , 
Ni and Ir roughly correlated with the quantity of opaque phases in the 
chondrules, although Ir-Al and Ir-Sc correlations, which are discussed 
later, also occur.  Copper is also correlated with Fe, Ni, Co, and Ir in 
some of the chondrules; this again is not surprizing as Rankama and 
Sahama (1949) find 200 ppm Cu in the metallic phases of chondrites 
and 500 ppm in the sulfide phases.  Terrestrially Cu, Co and Ir also 
occur as sulfides (Greenland, 1971).  The possible variation of Ir -Co 
correlations with petrographic grade will be discussed later.  Both 
Co and Ni, although more siderophile than Fe, may substitute for 
Fe in the pyroxenes.  In the absence of a metallic phase these ele-
ments are present as pentlandite, (Fe, Ni)9S8, with Co presumably 
following Ni.  In the carbonaceous chondrites Fe is present as a 
sulfide and as magnetite.  The observed fractionation between Co 
and Ni should be investigated in considerable detail since only a few 
analyses were made in this study.  It is suggested that this apparent 
fractionation is a result of fractionation between the metal and silicate 
phases along the lines of Prior's rule.  Those chondrules with higher 123 
metallic contents appear to have a near chondritic Ni/Co ratio of 
16, while those presumably with low metal content show a higher 
ratio.  This is consistent with the greater siderophile tendency of 
Ni.  This ratio may also be a possible cosmothermometer since 
the difference in sideophile tendencies increases with temperature. 
Despite the close proximity of Cr to Fe in the periodic table of 
elements Cr shows no siderophile tendency in stone meteorites. 
Mason (1966) indicates in most stone meteorites Cr is present as 
the spinel chromite, FeCr2O4, where the Fe may be substituted by 
Mg, Cr and Al.  Consequently, the Al-Cr correlations observed in 
some of the chondrites is not totally unexpected. 
Mason (1966) and Greenland and Lovering (1965) indicate V 
has dual properties occurring both in sulfides and in the silicate 
phases.  In the silicate minerals it concentrates in the pyroxenes 
by terrestrial analogy.  It may also concentrate in spinels 
(Fe++,  Mg, Mn)  (Cr, Al, V, Ti, Fe  ) 16°32' as observed by
8 
Bunch et al. (1967).  Consequently, chondrules high in spinels 
would also produce a positive Al-Cr correlation. 
Mason (1966) indicates that Mn2+ is lithophilic and diadochic 
with Fe
2+ and is equally distributed between pyroxenes and olivines. 
Manganese has little or no siderophile affinity.  Manganese may also 
enter into chromite in substantial quantities but is nearly excluded 
from troilite (Goles, 1971b).  Consequently, the observed Cr-Mn 124 
correlation can occur on a geochemical basis and may be a function 
only of mineralogy, and independent of the origin of the chromite. 
The correlation often observed between Mn and Na may be related 
to the solid solution of diopside,  CaMg(SiO3)2, and aegirine, 
NaFe(SiO 3)2; when Mn substitutes for Fe a positive correlation 
would occur. 
The positive Ca-Na correlation apparently results from the 
diopside-aegirine solid solution.  As the amount of diopside and 
aegirine increases in the chondrules the Ca and Na would corres-
pondingly increase resulting in a positive correlation.  Alternatively 
small amounts of plagioclase may be responsible for the correlation 
especially in higher petrographic grades.  Go les (1971a) gives the 
following Na abundances for various meteoritic minerals summarized 
in Table 36b. The prevalent Al-Na correlation has two possible 
origins.  The first possibility is its association with plagioclase 
where a solid solution occurs between anorthite and albite 
(Ca Al Si 0 -NaAlSi 308).  For Cherokee Springs (LL6) the Al-Ca 
2 8 
covariance graph indicates a weak possible negative correlation 
which would be consistent with this hypothesis if the plagioclase 
content were constant.  The two points on the same graph (Figure 10) 
indicating a positive correlation could also result from the previously 
discussed dioposide-aegirine association. 125 
Table 36b. Abundances of Na in meteoritic  mineralsa 
Meteorite	  Mineral  Na (ppm) 
3080 Miller (H5)	  bronzite 
2440 Richardton (H5)	  bronzite 
Appley Bridge (LL6)	  orthopyroxene  2560 
plagioclase  68900 
Chainpur (LL3)	  pigeonite  2050 
a Go les (1971a) 
The trace element Sc is essentially absent from meteoritic 
plagioclase but is widely distributed in other phases (Go les, 1971c), 
This is certainly consistent with the high plagioclase content of the 
Cherokee Springs chondrule shown in the photomicrograph which is 
almost pure plagioclase and has a Sc content of 2. 2 ppm (Figure 19). 
Frondel (1968) has observed that the radius of Sc is very close to 
the radius of Fe3+, Cr3+,  and Al3+.  Supported by experimental 
evidence he concludes that the free energy barrier for substitution 
of Sc for these elements is much less than previously believed. 
Whittaker and Muntus (1970) support Frondel's conclusion and suggest 
Sc, Al substitution for Mg, Si may account for a substantial portion 
of Sc in ferromagnesiumminerals. This contention is also supported 
to a certain extent by the photomicrographs.  Consequently, the 126 
observed Al-Sc correlation for many chondrule sets is consistent 
with geochemical data. 
Very little is known about the terrestrial geochemistry of Ir. 
Greenland (1971) studied the Ir variation in a differentiated tholeiitic 
dolerite and found that Ir was correlated with Cr.  He suggested these 
two elements enter the same mineral phase. He also suggested that Ir 
enters the sulfide phase.  The association of Ir with chromite deposits 
(Mertie, 1969) is apparently a result of both elements entering the same 
mineral.  Whittaker and Muntus (1970) indicate a crystal radius of 
0.81 A for Ir+3, Ir+4 (.71 A) and Al (.61 A); they also ascribe radii of 
Sc (.83 A), V (.87 A), Cr (.81  A), Mn (.75 A) and Fe (.71 A) for six 
fold coordination.  Since Sc and V may substitute freely for Al it would 
appear that Ir might also have a tendency to do so. Thus if some of the 
Ir in chondrules  present as Ir 
+3,  Ir-Sc, Cr-Ir and Ir-Al correla-
tions might exist purely from geochemical considerations.  The Cr-Ir, 
Ir-Al, and Ir-Sc correlations are observed in a number of the individual 
sets, which is expected both from ionic radii arguments and by terres-
trial analogy.  Since Ir is strongly siderophile and strongly chalcophile 
one would not expect this correlation to be consistent in all cases as 
little oxidized Ir would be present.  Also a negative Ir-lithophile corre-
lation would be expected if the chondrules contain significant metallic 
and sulfide phases as they would exclude the silicates and oxides; 
this behavior is observed for high Fe Renazzo chondrules.  It is 127 
impossible i however, to rule out the possibility of a high temperature 
metal and silicate cosmochemical association. 
Other correlations such as Na-Ir, Na-Sc, and Na-Cr may be 
rationalized by assuming if Al-Cr correlate and Al-Na correlate then 
Cr-Na may also correlate (but not necessarily).  This correlation 
does not require any geochemical or cosmochemical significance to 
be associated with this apparent relationship.  The elements in such 
a case may have divergent characteristics and be associated with 
different phases and still correlate.  This argument, of course, is 
not necessarily true and should be applied with care. 
This discussion of the correlation coefficients indicates that 
most, if not all, of the correlations found are consistent with the 
mineralogy of the chondrules and one does not need to invoke any 
special cosmochemical fractionation to produce these correlations. 
The only exception to this is the Ir-Al and Ir-Sc, for which solid 
evidence from geochemical systems is not available.  The Ir corre-
lation coefficients are not consistently positive in the low petrographic 
grades.  The Al-metal correlation may be a cosmochemical effect 
which will be discussed later. Figure 16. Photomicrograph of Chainpur #8. 
Olivine-hypersthene chondrule with about 
60% hypersthene and approximately 30% olivine. 
The isotropic rim appears to be a sulfide. 1Z9  
Figure 17.  Photomicrograph of Chainpur #9. 
This chondrule is composed of radiating 
hypersthene (70%) with 10% olivine and trace 
amount of (clinopyroxene?).  There is about 
5% metallic Fe present imbedded in the
hypersthene and in the (FeS?) rim.  There 
appears to be a reaction rim between the 
sulfide and the hypersthene. Figure 18.  Photomicrograph of Cherokee Springs #2. 
This chondrule is a classical example 
of barred olivine chondrule in which the plates 
are optically parallel.  The rim is composed 
of a pyroxene with small amounts of plagioclase. Figure 19.  Photomicrograph of Cherokee Springs #6. 
This chondrule contains approximately 
90% plagioclase, and 10% opaque material 
(chromite?). Figure 20.  Photomicrograph of Kaba #10. 
Olivine constitutes most of the crystalline 
phase. Opaque material may be sulfides or spinel. 
Bubbles appear to be evident along the fracture 
lines.  Note that this is a classic example of a 
small chondrule striking a large partially molten 
chondrule and welding to it.  The small chondrule 
is composed of pyroxene and olivine. Figure 21.  Photomicrograph of Kaba #16. 
This chondrule is composed of approximately 
90% olivine with isotropic microinclusions.  Approx-
imately 10% of the chondrule is dark glass or a 
sulfide.  The rim is probably hypersthene with a 
trace of plagioclase.  The chondrule is highly frac-
tured and is probably considered microphorphytic. 134 
Figure 22.  Photomicrograph of Ochansk #9. 
This chondrule contains approximately 
55% plagioclase, 30% olivine and 10% hypersthene 
with perhaps 5% opaque material.  It is highly 
fractured. 135 
VI. VARIATION BETWEEN PETROGRAPHIC GRADES  
There is often .a consistent variation which occurs in the 
chondrules from H and LL chemical clases as a function of petro-
graphic grade.  This section of the study is devoted to elucidation 
of these trends and their significance. 
Coma. arison between H and LL Chondrules 
The comparison between different petrographic grades is a 
difficult task due to the wide dispersion in values; however, certain 
meaningful trends can be discerned. 
The mean values of the various classes weighted by the inverse 
square of the estimated standard deviation of the individual measure-
ments have population standard deviations so large that they all overlap. 
Nevertheless, some of the means show consistent trends which are 
supported by the modal populations, i.e., the mostprobable abundance. 
Table 36.  Variation of weighted mean elemental abundances with petrographic grade. 
H5 H3  H4 Element 
89 24  32 No. of chondrules in set 
9.1 12.5  9.7 Fe (%) 
2780  5620  6590 Na (ppm)  
1700  2060   2950
Mn (PPm) 136 
The correlation coefficients also exhibit some interesting 
changes as a function of petrographic grade. 
Table 37.  Variation of correlation coefficients with petrographic grade. 
Correlation  
coefficient  H3 confidence belt  H4  HS confidence belt  
Wt-Al  -.34 (+. 05, -.65)  -. 28  -.19 (-. 32, + 0) 
Al-Sc  . 67 (+ 42, +.85)  .56  .20 (0, + .35) 
Na-Al  .6) (+. 42, + 85)  . 67  .93 (+. 90, .97) 
Al-Cr  . 22 (-. 15;  . 50)  .43  .52 ( +.38, .70) 
Sc-Co  24 (-. 05, .62)  .46  .59 (+. 45, .75) 
Ir-Co  .90 (.78, .95)  .30  .75 (. 66, .92) 
h.-Fe  .90 (.78, .95)  . 38  -. 21( -.40, 0) 
Na-Mn  .57 (.15, .73)  .31  -..22 (-.40, 0) 
A helpful visual aid for evaluating the changes in the correla-
tion coefficients is a simple cluster analysis, as discussed by 
Krumbein and Graybill (1965) and Whitten (1963).  Figure 23 shows 
the linkages of correlation coefficients for the various  groups at 
the 95% confidence level.  From this analysis it can easily be seen 
that the Ir-Co, Mn-Cr, and Al-Co correlations are consistent 
throughout the three petrographic grades.  The H4 group appears 
to represent a transition between the two end members. 
Table 38 presents the degree of dispersion as a function of 
the petrographic grade for several elements (dispersion is the popu-
lation standard deviation divided by the population mean). 137 
H3	  H4 H5 
Positive	  Positive  Positive 
Mn  Cr 
IN! 
Sc  Al  IA r  Co 
Na 
I 
Mn 
Cr 
Sc 
Ir  Co 
Al / \ Cr  Na 
I  1 
Mn  Fe 
Negative  Negative 
Fe Sc IT 
Na---Mn--Sc 
Figure 23.	  Clupter analysis of petrographic grades for 
H chondrules at the 95% significance level. 
a 
aCu correlations not included 138 
Table  38.  Elemental dispersion as a function of petrographic grade, 
H4 Element  H3 
.55  
.06  
Na  2.39  .74 
.91  .45 Mn 
aEtvor weighted mean 
Comparisons between the LL Chondrules 
The comparison between the different petrographic grades is 
a difficult task due to the wide dispersion in value. However, certain 
meaningful trends can be discerned. 
The mean population of the various grades have population 
standard deviations so large they all overlap.  However, the means 
may exhibit trends which are supported by the modal population. 
This variation indicates a possible increase of Na content as a func-
tion of petrographic grade (Table39). 
Table 39. Variation of LL abundances with petrographic grade, 
LLS  LL6  Element  LL3  LL4 
No. chondrules 
18  15 in set  31  18 
Na  6650  7940  8 230  7420 139 
Table 40.  Variation of LL correlation coefficients with petrographic grade. 
Correlation  
between  LL3  LL4  L15  LL6  
* * 
Al-Na  -.1  .19  .72  .89 
Al-Ir  .46  .70  .54  . 60 
Co-Ir  .88  .55  43  .48 
* * 
Al-Cr  -.25  . 18  .48  , 56 
* *  
Na -Mn  .78  .05  -. 38  .23  
* 
These correlations are below the 90% significance level 
Simple cluster analysis diagrams are shown in Figure 24 which 
link all occurrences that occur at the 95% significance level.  In a 
straightforward approach the cluster analysis illustrates the shifting of 
correlation coefficients with petrographic grade.  This may be 
interpreted as shifting of correlation coefficients resulting from 
cosmochemical fractionation to establishment of a geochemical 
equilibrium.  In this interpretation the intermediate petrographic 
grades represent a complex mixture of correlation coefficients from 
both end sets. 
Another parameter which is interesting is the variation of 
dispersion of various elemental abundances in the chondrules as 
a function of petrographic grade.  This dispersion has the general 
tendency to be high in the low grades (3, 4) and to decrease in the 
higher grades.  It is also interesting to note that the dispersion of 140 
these elements are about the same in the H3  grade.  The constant 
20% dispersion for Fe in the 4,  5 and 6 grades may be related to the 
metallic Fe content of the chondrules. 
Table 41.  Elemental dispersion as a function of petrographic grade for LL chondrules. 
LL6 Element  LL3  LL4  LL5 
Mn  .38  .50  .08  .10 
Na  .39  .37  .39  .14 
Fe  . 40  .20  . 20  .18 
The following discussion summarizes the systematic variations 
observed in the petrographic grades for the H and LL chondrules; 
although the trend is not absolutely perfect the fundamental variation 
is consistent.  The IA grade was the only petrographic grade of L 
chondrites studied and consequently is not discussed. 
In two chemical classes (H and LL) where multiple petrographic 
grades were studied the following trends were observed. 
1.  The Al-Na correlation increased from the lowest grade to the 
highest grade.  These trends are illustrated in the Al-Na covariance 
plots in Figures 2 and 3 for the H group; and 4,  7 and 8 for the LL 
group, and values are given in Tables 37 and 40. 
2.  The Al-Cr correlations consistently increased for the H and LL 
groups. 
3.  The Co-Ir correlation consistently decreased in the LL group. 141 
For the H group, a decrease with petrographic grade is indicated 
although it is not consistent in its variation. 
4.  The Na-Mn correlation is destroyed with increasing petro-
graphic grade. 
There are other consistent variations within a given meteoritic 
class but the above correlations or trends appear to be the most 
consistent between the classes and shows some significant statistical 
change. 
The elemental dispersions within the chondrules also show a 
general decrease for the three classes as a function of increasing 
petrographic grade.  Schmitt et al. (1967) have noted that Karoonda 
has a smaller Mn dispersion than other carbonaceous chondrites. 
They also noted that chondrules from unequilibrated meteorites 
showed a wider dispersion of Mn than chondrules from equilibrated 
meteorites.  They did not, however, break the variation down as a 
function of petrographic grade except to note Karoonda belonged to 
the C4 class.  They suggested that the observed homogenization is 
consistent with metamorphism. 
Schmitt et al. (1968) in four composite chondrule samples from 
four different chondrites found the ratio of the REE abundances in 
the chondrules compared to the matrix was two for Chainpur and 
observed no significant fractionation between the REE, relative to 
whole chondrites.  Richardton and Forest City exhibited a linear 142 
fractionation pattern with the light rare earths being depleted. 
Schmitt et al. felt that this was consistent with REE diffusion out of 
the chondrules.  The Eu content of the chondrules was found to be 
"nearly identical" to the whole chondrite and was attributed to a 
preponderance of Eu2+. 
This author concurs with their suggestion since a "smooth" 
variation between the petrographic grades becomes exceedingly 
difficult to produce by any other mechanism, especially for two 
elements with divergent geochemical properties in the high petro-
graphic grades such as Na and Mn. Since Al is covalently bound in 
the silicate network, the Al content of the chondrules remains essen-
tially constant in the chondrules with increasing petrographic grade 
as would be expected from recrystallization.  Consequently Na has 
apparently diffused short distances into the chondrules.  This is 
consistent with the increase of plagioclase in petrographic grade as 
pointed out by Van Schmus and Wood (1967) and illustrated in the 
photomicrographs. An increase in the Al-Cr correlation in the H 
class apparently indicates re-equilibration in the chondrules 
produced this correlation. The Na-Mn correlation is apparently a 
"primitive" correlation, since it occurs in the early petrographic 
grades and appears to decrease as the grades increase. 
The apparent decrease of the Fe-Ir and Co-Ir correlations 
with petrographic grade may be explained by a reaction similar to 143  Ir Co Mn 
NCr 
Al Sc  Na 
a.  LL3 chondrules positive correlations 
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Figure Z4.	  Cluster analysis for LL chondrules at the 95% 
significance level. 144 
the following:  
4 MgSiO4 + Fe( Co, Ir)  Fe304  4(Fe, Co)MgSiO4 + Ir( Co) 
This type of reaction would decrease the correlation coefficient with 
increasing petrographic grades since the free energy of reaction 
would favor the, reaction of Fe over Co, and Co over Ir, thus leaving 
Ir as a metal and Fe (and to a lesser extent Co) in the silicate phase 
free to equilibrate with the surrounding crystals in the chondrule and 
the matrix.  The consistent Co-Ir correlation in all grades indicates 
that Co is more siderophilic than Fe. 
Special note must be made of Karoonda chondrule #12, it 
contains 22.5% Al, 250 ppm Sc, 23.9 ppm Ir and 7. 8% Fe.  This 
chondrule appears to represent an extreme case of Al-Ir, Al-Sc 
correlations.  This chondrule is felt to represent an extreme fractiona-
tion which apparently occurred during its formation process. 
Comparisons between Chondrules from C Chondrites 
A direct comparison between the different petrologic types is not 
possible for the C chondrules, arising from the compositional sub-
groups within this chemical class; it is possible however, to make com-
parisons within the subgroups.  It is first necessary to investigate the 
chemical properties of the Ornans and Vigarano subgroups which Van 
Schmus (1969) has identified on textural and morphological grounds. 145 
The average Na abundances of the chondrules suggest that a 
simple classification is possible into high and low Na chondrules for 
both the C3 and C2 groups.  This approach, however, is misleading 
since the modal abundances of the chondrules from the C2 chondrites 
do not necessarily support the averages. The difference arises pri-
marily from a few chondrules with high Na abundances that increase 
the average.  The modal Al contents appear a bit more promising 
and suggest that Kaba and Mokoia belong to a population with a high 
Al content.  Van Schmus (1969) suggests these two C2 chondrites 
belong to the Vigarano subtype which is higher in Al than the Ornans 
subgroup.  The average Sc contents of the Ornans subgroup is con-
siderably lower than the Vigarano subgroup.  It appears there is a 
great deal of modal mixing and overlap which makes the classification 
unclear by any chemical criteria.  The Fe abundances are too dis-
perse to classify the C2 chondrules as belonging to either group. 
Table 42 presents some of the mean abundances as a function 
of petrographic grade.  Note that the high Fe content of some Karoonda 
chondrules shifts the average abundances of the lithophilic elements 
to lower values. 
The correlation coefficients which were found to exhibit inter-
esting changes in the H and LL chemical classes are given in Table 
43. 
A helpful visual aid for evaluating the changes in the coefficients  146 
Table 42.  Variation of mean abundances with petrographic grades 
C2  C(II)2  C(III)2  C3 (Ornans, Vigarano)  C4 
Number of chondrules  112  115  16 
Al (%)  1.56  1.37  1.94  2.03  2.85  1.01 
Fe (%)  15.3  16.0  11.6  15.0  9.8  24.7 
Na (ppm)  1590  1000  2810  6080  5640  1690 
Mn (ppm)  1490  1750  970  1380  1220  1330 
Sc (ppm)  12.4  13.6  10.2  14.8  21.0  11.7 
aUnweighted means 
Table 43.  Variation of correlation coefficients with petrographic grade. 
Correlation  C2  C(II) 2  C(III)2  C3 Ornans  Vigarano  C4 
Na-Al  .66  .49  .66  .74  .55  .94 
Mn-Na  .22  .33  .65  73  .60  -.34 
Sc-Al  .48  .64  .55  .70  .89  .99a 
aUsing Karoonda correlation set B see Appendix II and discussion of C4 chondrules 147 
is cluster analysis.  Figure 25 shows the linkages of correlation 
coefficient for the various groups at the 99% significance limits. 
The H and LL cluster groups were at the 95% significance limits. 
The change of significance limits were necessary since there were 
so many correlations they could not be represented in this simple 
manner at a lower significance level.  The results of cluster analysis 
indicate that there are no obvious or simple alteration of correlation 
coefficients as a function of petrographic grade.  This analysis is 
less satisfactory than the analysis in the other grades since correla-
tion coefficients of 0.23 are significant at the 99% level for the C3 
group yet a correlation of 0.62 was needed for Karoonda (C4) to 
produce a correlation at the same significance level. 
Another criteria which was used for elucidating trends in the 
H and LL groups was the change of dispersion between petrographic 
grades.  Table 44 presents the dispersion of various elements for 
the petrographic grades. 
Table 44.  Elemental dispersion as a function of petrographic grade for C chondrules? 
Chemical groups  Subgroups 
Element  C2 ( II, III)  C3 (Ornans, Vigarano)  C4 
Fe  1.11 (1.23, .52)  0.60 (.65, .36)  0.21 
Al  0.62 (.46,  . 71)  0.88 ( .46, .96)  0.63 
Na  1.08 (. 62,  . 89)  1.14 ( . 54, 1.31)  0.67 
Mn  0.63 (47, .56)  0.61 ( .48, .70)  0.08 
adispersions of Ornans and Vigarano subgroups are in parentheses 148 
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Figure 25.  Cluster analysis for C group chondrules at the 
99% significance level. 149 
These results indicate that, in general the petrographic grades 
of C group do not appear to be a result of metamorphism and prob-
ably represent different formation condition.  The exception to this 
is Karoonda which might well have been metamorphosed.  This con-
tention is supported by the Mn dispersion which is smaller than the 
dispersion of the C2 and C3 groups and corresponds to the dispersion 
observed in the H5 and LL5 groups.  Second, the Al-Na correlation 
is higher in Karoonda and is roughly equivalent to the correlation 
observed in the H5 and LL5 chondrules.  In choosing a parent mater-
ial for Karoonda the Ornans subgroup appears most promising with 
lower Al and Sc contents and higher average Na abundances which 
match the Karoonda chondrules most closely.  This is not certain 
but these conclusions support the observations of Van Schmus (1969) 
who indicates that perhaps Karoonda should be reclassified as C5 
and may belong to the Ornans subgroup.  Karoonda has one chondrule 
which has not been included in this discussion.  It contains 22% Al, 
250 ppm Sc, 23.9 ppm Ir, and 7. 8% Fe.  This chondrule when in-
cluded in the correlation produces very high Al-Ir, and Al-Sc, and 
Sc-Ir correlations. 
The author concludes that the chemical evidence of this study 
and the petrographic evidence of Van Schmus and Wood (1967) are 
totally consistent for the C( III)2,  3, 4 classes but the C(II)2 class 
is different.  The continuous variation of correlation coefficients 150 
and the consistent homogenization of Mn and Na with increasing 
petrographic grades for chondrules from the H and LL chondritic 
classes are exceedingly difficult to explain on any basis other than 
metamorphic equilibration.  It is, however, not possible from this 
chemical evidence to distinguish the welding together of chondrules 
and matrix during a high temperature accretion stage from a reheating 
episode.  The chemical evidence supports the petrographic observa-
tions of Van Schmus and Wood (1967) and Van Schmus (1969) that the 
CZ and C3 groups are not necessarily a result of metamorphism; and 
shows the Type II and Type III chondrules are very different in chem-
ical composition.  The results also indicate that chondrules from the 
Vigarano and Ornans subgroups may have slightly different Sc and Al 
content.  The chemical evidence also suggests that Karoonda may 
be a result of equilibration of chondrules similar to the Ornans sub-
group. 151 
VII. THE ORIGIN OF CHONDRULES 
Introduction 
Sorby (1877) described chondrules as solidified droplets from 
a "fiery rain." Since that original description, extensive investiga-
tions both chemical and petrographic, have been made  yet the mech-
anism of formation remains unclear.  Tschermak (1875) suggested 
rounding of rock fragments as a possible mechanism and Mason 
(1960a, b) suggested metamorphic recrystallization may produce 
chondrules.  These ideas, however, have not been favored in recent 
years.  The consensus of opinion among petrographers lies with 
Sorby. 
The chemical data used in this discussion is limited to chon-
drules from the C2, C3, H3, and LL3 classes.  This is done since 
the previous section presented overwhelming evidence from both 
chemical and petrographic viewpoints that significant alteration has 
occurred in the higher grades. Kurat (1969) found that the Na, Al and 
Si concentrations and to a lesser extent Mg in chondrules from 
Tieschitz and Mezii-Madras decrease toward the chondrule surface. 
He suggests that thermal metamorphism could not have been an effec-
tive mechanism for equilibration in these chondrules; however, water 
or water vapor may have altered the nepheline and feldspar composi-
tion. 152 
The hypotheses concerning the origin of chondrules may be 
divided into two schools of thought.  First, chondrules were formed 
after or concurrent with accretion of the parent body.  This school 
suggests two possible modes of production.  Volcanism is espoused 
by Fredriksson (1963, 1967), and Ringwood and Fredriksson (1963) 
and impact, a second possibility, has been discussed by Urey (1952, 
1967), Fredriksson (1963), Fredriksson et al. (1970) and Dodd (1969). 
The second school of thought considers chondrules to be preaccre-
tionary objects.  Again there are two alternative viewpoints: direct 
condensation from the nebula as supercooled droplets (Wood, 
1963; Blander and Katz, 1967; and Blander and Abdel-Gawad ,  1968), 
or the remelting of pre-existing dust (Whipple, 1966; Cameron, 1966; 
Wood, 1967; Larimer, 1967; Larimer and Anders,  1967, 1970; 
Arrhenius and Aifren, 1971). 
Each school of thought has a body of basic observations  which 
support their hypothesis.  This evidence is now briefly reviewed. 
Dodd (1969) studied chondrules from the Parnalle meteorite 
and found a preferred orientation of olivine in microporphyritic 
chondrules which apparently resulted from the flow of molten silicate 
material.  He felt that this property was inconsistent with crystal-
lization as droplets in space but requires the presence of a gravi-
tational field.  Urey (1967) also maintained that a gravitational field 
was necessary. Dodd (1969) and Binns (1967) have concluded that a 153 
giant chondrule in Parnalle and perhaps all microporphyritic chon-
drules represent a portion of a large body, a partly crystalline 
magma or solid rock. Dodd explained that the frequency of frac-
tures in chondrules suggests a violent process; however, it is not 
possible to determine if the body was disrupted while in a semi-molten 
or solid state. 
Fredriksson (1969) has found what he believes are secondary 
chondrules formed during a later evolutionary stage of the Sharps 
(H3) chondrite.  In the microphyritic chondrule, he argues that olivine 
was once normal chondritic olivine which became  trapped during the 
chondrule forming process and partially reacted with the molten, 
reduced silicate melt which enclosed it.  The magnesium rich olivine 
he believes crystallized directly from the melt.  Chondrule formation 
by this process has been discussed further by Fredriksson and Reid 
(1965). 
Wood (1962) notes that the chondrules from the apparently 
unrecrystallized chondrites Tieschitz and Renazzo are unusually poor 
in iron silicates.  This lends support to the hypothesis that all the 
condensed Fe must remain in the metallic state.  Larimer and Anders 
(1967) indicate that since some C3 chondrites consist of more than 
about 70% chondrules by weight it seems difficqlt to reconcile this 
large chondrule fraction with impact or volcanism.  They also point 
out that chondrules occur through all petrographic grades (except  Cl) 154 
and believe that this is inconsistent with post accretionary chondrule  
formation. 
Both Dodd (1969) and Kurat (1969) concur in their belief that 
chondrule formation may have been the result of multiple overlapping 
processes.  Their contention is eloquently illustrated in a study  of 
the Murray chondrite.  Eleston (1969) identified three discrete min-
eral assemblages in the Type II (C2) carbonaceous chondrite,  Murray; 
a low temperature volatile rich matrix, a pre-accretionary high 
temperature component containing chondrules and an accretionary 
high temperature component containing friable chondrules. 
Several basic chemical features are evident in chondrules and 
should be mentioned before proceeding in a general discussion of 
each hypothesis.  First is the apparent enrichment of refrac-
tory minerals and elements in chondrules compared to the matrix. 
Second is the evidence of multimodal populations with these chondrule 
sets, which is to a certain extent a reflection of high Fe and low Fe 
chondrules.  The high Fe chondrules contain large amounts of Fe in 
the metallic phase which would necessarily exclude the  lithophilic 
elements in the chondrules.  However, careful study of the histograms 
indicate that the low Fe chondrules ( < 20%) also appear to exhibit a 
bimodal distribution. 
Each hypothesis will not be individually discussed in relation 
to chemical evidence.  Notwithstanding the observations of Kurat 155  
(1969) it will be assumed that chondrules in the low petrographic 
grades have remained essentially unaltered since their formation. 
Volcanism and Impact into a Magma Pool 
Ringwood and Fredriks son (1963) suggested that chondrules were 
formed by the dispersal of lava droplets during volcanism while some 
chondrules were formed in situ by spherulitic crystallization.  As 
discussed previously the correlation coefficients are consistent with 
a magmatic process with the possible exceptions of Al-Ir and Ir-Sc 
since Ir would be expected to be in a metallic phase.  The Na-Mn 
correlations and the Al-Sc correlations may also be inconsistent with 
a mafic melt, despite the property of these elements to substitute 
for each other in certain minerals. 
The problem may be approached from an alternative hypothesis. 
The large variations of chondrule composition and their striking inhomo-
geneity presents serious difficulties if volcanism is regarded as the 
only mechanism for the production of the majority of the chondrules. 
The compositional heterogeneity of the chondrules and the compositional 
range is too extreme for any reasonable magmatic differentiation pro-
cess.  The same argument is also applicable to impact on a homogene-
ous magma pool (Urey,  1967) where the chondrules would essentially be 
splash droplets.  If the magma were homogeneous the splash droplets 
would be relatively homogeneous and this is inconsistent with the 156 
observations.  This argument is essentially the same argument used 
to discredit a volcanic origin of the glass spheres in the Apollo 11 
soil (Winchell and Skinner, 1970; Reid et al., 1970; Lovering and 
Ware, 1970; Keil et al., 1970; and Fredriksson et al., 1970). 
It is, of course, possible to have different magma sources with 
different chemical compositions. The pyroclastic debris from these 
sources could mix to produce the heterogeneity.  This argument may 
imply a relatively large parent body and arguments against this 
hypothesis have been summarized by Anders (1964). Furthermore, as 
Wood (1962) points out it is highly improbable that volcanism could pro-
duce chondrules such as Renazzo with large quantities of metal present 
in the chondrules since silicate and metallic melts are immiscible. 
Metallic particles embedded in silicate chondrules have been observed 
by this author in chondrules from L, LL and H classes as well as in 
Renazzo. Also Wood points out that a melt rising through chondritic 
rock containing 10% FeO should contaminate the magma, yet the chon-
drules of Renazzo are free of FeO. 
The above arguments concerning Renazzo would apply to impact 
on a magma pool.  The diversity of composition could then arise 
by assuming the magma pool was a crystal slush and allowing the 
impacting body to contaminate the splash droplets.  Two arguments 
against this hypothesis can be made.  First, one would expect a wider 
distribution of chondrule sizes than observed.  For example Wood (1962) 
points out the chondrules in Renazzo range from 0.5 to 2 mm and the 
particle size of the matrix ranges from 10-5 to  10-3 mm.  It seems 157 
inconsistent that chondrules between these size ranges are not 
observed.  Second, if there was a magma pool large enough to pro-
duce as many chondrules as observed it is most surprising that flow 
rock of equivalent composition has not been observed. 
Impact onto Rock or Regolith 
The following discussion is devoted to the hypothesis that chon-
drules are a result of impact of rock of a chondritic or achondritic 
composition onto solidified parent material or regolith similar in com-
position to the bulk chemistry of the meteorite.  The primary mechan-
ism of the alteration of the bulk chondritic matter to the chondrules is 
assumed to be fractional vaporization and selective melting of specific 
minerals. 
Anders (1964) has previously criticized the impact model for 
chondrule production on the basis that Bruderheim chondrules appear 
to have an excess of  124, 126Xe,  apparently produced by the spallation 
reaction by 100 Mev protons on nuclei of A,,,129 (Goles and Anders, 
1961).  Anders believes that since the chondrules produced by impact 
would exist no more than a few seconds in the dispersed state there 
is no possibility of producing the observed irradiation effects in the 
Bruderheim chondrules.  However, the effective range of 100 Mev 
protons in SiO  was calculated to be about 3 cm.  Consequently, if
2 
the accretion rates were sufficiently slow and turn over rates similar 158 
to that of lunar regolith existed it is possible that impact chondrules 
could receive a sufficient flux to produce the observed isotopic an-
omolies.  It is interesting to note that Fowler et al. (1962) estimated 
a proton flux in the early solar system four times that necessary to 
produce the irradiation effects observed in carbonaceous chondrites. 
Larimer and Anders (1967) also argue that the presence of chondrules 
in all petrographic grades (except Cl) and the high chondrule to 
matrix ratio in some chondrites are inconsistent with the impact 
origin.  It is possible, however, that chondrules were produced via 
impact and buried during accretion with subsequent recrystallization. 
This illustrates the desirability of trying to establish a chemical 
criteria for fractionation produced during impact. 
The first step of the argument is to establish what chemical 
fractionation is expected during an impact process.  This is done 
by considering three systems in some detail: laboratory experiments, 
terrestrial impact glasses and glass spheres from the Apollo 11 soils. 
Chapman and Scheiber (1969) repeated experiments of Walters 
(1967) for fractional volatilization of elements from tekite melts under 
low pressure (1 torr) using an inert He atmosphere in rhenium 
crucibles at 2000°C. The results indicate that Mg, Al, Ca, Ti, 
Ba, Zn, Sr, Y and Sc are non volatile; Na and K are very volatile; 
Ni and Co are relatively volatile; while Fe, Cr and V are fairly 
volatile and Si and Mn are slightly volatile.  The results are given 159 
in Figure 26. 
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Figure 26.	  Chemical fractionation trends for vaporization 
of tektite glass.  (After Chapman and Scheiber, 
19 69.) 
To investigate Cu they used a synthetic mixture of standard 
rocks and SiO2 with approximately 28 ppm of Cu.  At 1800°C Cu was 
volatized most readily of any element investigated. A 1% volatiliza-
tion by weight of the tekite melt depleted the Cu to less than 3 ppm. 
Chapman and Scheiber also reviewed considerations of the rate 
of surface temperature cooling and concluded that small tekites (1 cm' 
diameter) would cool in less than a second.  They also concluded that 160 
smaller spheres would cool even facter.  This dependence of tempera-
ture decrease on the radius r is expressed in the equation below. 
aT  1 1 a 2
( r  K2---T )
at  pC
p  r2 ar  ar 
where C  is the heat capacity, K is the thermal conductivity, T is 
p 
the temperature and p is the density of the melt (Kaula, 1968).  The 
degree of volatilization is then limited by the rate of diffusion of the 
volatile materials to the surface of the sphere.  Chapman and Scheiber 
indicate that the diffusion that could occur in this length of time is 
minimal.  Thus Chapman and Scheiber indicate depletion of elements 
would occur from only a thin layer below the vaporized surface.  If, 
however, the ambiant temperature were high (  600-1000°K) the cooling 
would be considerably slower.  Taylor (1961) has analyzed the flange of 
an australite which had a large surface to volume ratio and was ex-
posed to a temperature greater than 2500°C for 1 to 2 seconds. He 
found the chemical differences between the flange and the core to be 
small, indicating that vaporization effects are small. 
Taylor (1969) studied the terrestrial impact glass from Henbury 
crater. He found no significant differences in composition between 
the impact glass and the parental subgreywackes and concluded that 
no effective alteration of abundances in the impact glass occurred 
during melting.  Significantly, the volatile and chalcophilic elements 
were retained. 161 
A third system which may shed light on the effects of hyper-
velocity impact are the glass spheres from Apollo 11 lunar soil 
samples.  Fredriksson et al. (1970) has called attention to the 
textural similarity of these spherules and the chondrules. He sug-
gests that the major difference between them is the composition of the 
parent material from which they are derived.  Keil et al. (1970) have 
pointed out that there are many glass spherules with vesicles and 
flow line features which Wood (1963) explicitly points out are absent 
in chondrules.  Keil et al. (1970) conclude that the chemical variation 
of these spherules is due to differences in composition of the parent 
rock and different ratios of the three major minerals pyroxene, 
plagioclase and ilmenite.  They also noted that some minor fraction-
ation may have occurred in some spherules, thereby altering the Na 
content. 
Analyses of the lunar spheres were published by Agr ell et al. 
(1970), Lovering and Ware (1970) and Prinz et al. (1971); the compo-
sitions are listed in Appendix III.  The means for several elements 
were calculated and compared to various size fractions analyzed by 
Lovering and Ware (1970).  The dispersions for most values are 
so large that no definite conclusion can be drawn.  It is significant 
to note, however, that, contrary to the predicted Na depletion in 
small spherules, Na abundances are about two times higher in the 
80-90 p. spheres compared to the> 350 p. spheres.  This observation Table 45.  Means and standard deviations of abundances in glass spherules from Apollo 11 soil. 
alla  8 non magneticc  17 non magneticc 
(>350 µ)  (90-1000u ) 
6 non magneticc 
( 80-90,u ) 
soilb 
Si (%) 
Fe (%) 
Al (%) 
Na (ppm) 
Mn (ppm) 
Cr (ppm) 
19.2 ±1.9 
7.0 ±5.7 
11.8 ±4.9 
1990 ± 1910 
1730 ± 680 
1950 ± 1070 
19 ±0.7 
8.6 ±3.9 
11.3 ±4.0 
1190 ± 1320 
1530 1 580 
1510 ± 130 
18.0 ±1.0 
3.5 ±1.1 
15.9 ±3.0 
1490 ± 900 
2350 ± 430 
2750 ± 110 
18.4 ±3.7 
7.5  3.9 
12.6  it., ti 
2290 1 1870 
1690 1 810 
1740 ± 1550 
19.7 
12.3 
7.3 
3230 
1600 
1920 
a
averages of 83 glass spheres are from Agrell et al. (1970, Lovering and Ware (1970), Prinz et al. (1970 
Analyses of lunar soil 10084 by Maxwell et al. (1970) and Goles et al. (1970b) 
cSize fractions are from Lovering and Ware (1970) 163 
illustrates that the effects of fractional volatilization by melting are 
not readily apparent even for small objects. 
Correlation coefficients were also determined for these spher-
ules and the results are given in Appendix III.  It is significant to 
note strong lithophile (Al, Mn, Cr)-Fe anticorrelations were obtained. 
It is also interesting to note that the Na-Mn correlation occurred in 
90-100 p. fraction and the >350 p. fraction, but not for the overall 
set.  Positive Cr-Al correlations were present.  In general, corre-
lations reflecting intermediate temperatures are totally consistent 
with the major mineral composition of the Apollo 11 rocks (pyroxene, 
plagioclase and illmenite. 
Factor analysis was also performed on this set of spherules 
in an attempt to resolve any effect of fractional volatilization. Figure 
27 shows the graphical representation of the three normalized 
oblique compositional vectors.  This graph immediately indicates 
three factors do not adequately describe the system, an indication 
of the complexity of the problem.  These results did not resolve the 
spherules into groups of similar size, thereby indicating that the 
size effect of fractional volatization was not dominant.  There are 
three clans of spherules which closely parallel the color groupings 
reported in the literature.  The group of spherules lying off the 
axis are primarily the red brown glasses high in normative 
ilmenite. Some may be a result of meteoritic contamination. 164 
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Figure 27. Q-mode factor analysis Apollo 11 glass spheres. 165 
Those samples along the 1-2 axis are depleted in Na and may be illus-
trative of vapor fractionation. 
The composition of the end members are given in Table 46 
as well as the normative composition as determined by Agrell et al. 
(1970) and Lovering and Ware (1970).  For completeness the average 
composition of lunar rock soil 110084 has been included. 
When the averages of 83 glass spheres from the lunar soil are 
compared to the Type A and B rocks it is immediately obvious that 
Na has been depleted, if as Lovering and Ware (1970) claim, the 
parent material of the spheres is the "average" lunar rock. 
As Keil et al. (1970) point out, the results of these analyses 
suggest that the chemical compositions of the spheres depend primar-
ily on the differences in parental rock compositions.  Winchell and 
Skinner (1970) suggested that the glass spheres were a result of 
impact formed by the hypervelocity impact of very small objects, 
and the observed bimodal distribution of the spherule composition 
results from the ability of plagioclase and pyroxene to form glass. 
The end members of the factor analysis indicate that variations 
of the chemical composition of the spherules can be expressed 
primarily in terms of changing the olivine, pyroxene and ilmenite 
content with albite variation affecting the Na content. 
However, if one compares the average composition of the 
spherules to the average of lunar soil or rock types A and B it is  166 
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Table 46.  End member composition 
Factor 1  Factor 2  Factor 3 
21.2	  17.6  11.7 Si (%) 
4.1	  12.2 Al ( %)	  8. 5 
10.8	  9.3 Fe (%)  9.5 
17000  1300 Na (ppm)	  6000 
1700  1700  1470 Mn (ppm) 
1300  210 Cr (ppm)	  2390 
9.7	  13.6 Ca (%)	  8.1 
5.3	  5.4  6.4 Mg (%)  
Ti (%)  2.1  4.6  5.1  
1.2 Or 
6.9 Ab 
40  44.5  63.1 An 
14  16.9 Di 
26.S	  7.4 Hy 
4. 2	  14.5  24.8 
9.8 Cs 
Im  6.6  14.6  16.2 
End member compositions and nomative mineral analyses from Agrell et al. (1970) and Ware (1970) 167 
apparent that the spherules are depleted in. Na, K and Fe while 
enriched in Al and Ca although it is obvious overlap occurs.  This is 
in qualitative agreement with the vapor fractionation experiments of 
Chapman and Scheiber (1969).  The absolute depletion and the ratio 
of depletion between the elements are not in agreement with the exper-
imental results.  That is, Fe is depleted by 64% and Al is enriched 
by 62% while Na is depleted by 62%.  The experimental results on 
tekite melts by Chapman and Scheiber (1969) predict only a 5 to 10% 
loss of Fe for a 62% Na depletion.  This may, as Winchell and 
Skinner (1970) state, be a reflection of the ability of plagioclase 
and pyroxene to form glasses, more than a result for vapor frac-
tionation.  It is also possible that Fe may be considerably more 
volatile in a mafic melt. 
There is a consistent increase in the average Na content as 
sphere size decreases, however, the small population size and 
the large standard deviations make the trend highly uncertain. 
Consequently, it is concluded that if vapor fractionation occurred 
during the production of these spheres the effect was small and 
was superimposed over the controlling factor,  i. e., the composi-
tion of the parental material. 
Chondrules do exhibit some significant chondrule mass-
elemental abundance correlations.  For example, the C3 chondrules 
have a negative mass-Cr correlation and positive mass-Ir, Sc and 168 
Al correlations, all above the 98% significance limit.  The H4 
chondrite, Ochansk, exhibits a negative mass-Na correlation which 
is similar to the trend observed in the lunar spheres, but it is pos-
sible Na may have diffused into the small chondrules during partial 
equilibration with matrix. 
A second problem with an impact mechanism for chondrules 
production involves the fractionation of silicate and metal phases. 
For example, the H group chondrites have approximately 16% metal 
phase (Keil, 1965; Mason, 1965).  If chondrules are produced by 
impact on material of this composition why are not 16% of chondrules 
made of Ni-Fe spheres; or on the average, why do not silicate chon-
drules containing 16% metallic phase? The same comments could 
be applied to the L group with about 8% free Ni-Fe (Mason,  1965). 
Observations such as these, while they do not disprove an 
impact mechanism, cast serious doubt on the ability of an impact 
mechanism to produce the appropriate fractionation for the majority 
of chondrules. 
Chondrule Formation Prior to Accretion 
There are two hypotheses that suggest chondrules are formed 
in the solar nebula.  Blander and Katz (1967) and Blander and Abdel-
Gawad (1969) have suggested chondrules are a result of supersatura-
tion in the solar resulting from the absence of nucleation centers. 169 
The main consideration of Blander and co-workers is that the surface 
tension energies of the siderophilic elements are so large they will 
not condense according to equilibrium considerations.  They will 
supersaturate and appear much more volatile than if they were in a 
reheating process or in equilibrium condensation. 
The alternative hypothesis for chondrule formation prior to 
accretion has been advanced by Whipple (1966), Cameron (1966), and 
Wood (1967).  The energy source for remelting has been postulated 
as a T-Tauri eruption of the primitive sun or by local lightning dis-
charges.  This approach has been highly favored by Larimer and 
Anders (1970) as mechanism for production of chondrules. 
A remelting process in the nebula by some mechanism involves 
essentially the same process of vapor fractionation discussed in the 
previous section concerning impact production of chondrules, but 
allows for greater fractionation due to higher temperatures and 
recycling. Cameron (1966) suggests variations in abundances will 
result from selective volatilization in lightning flashes and from 
electrostatic acceleration of the condensed and surface ionized 
material away from the point of condensation.  Thus he indicates 
that minerals of widely differing properties may be intimately mixed. 
Wood (1968) believes a wide variety of minerals will result from 
flash heating.  He also indicates that the more volatile elements 
would be distilled from the molten droplets which were only partly 170 
evaporated, while recondensing droplets would incorporate  variable 
quantities of the volatile elements depending on how rapidly they 
condense and cool. A primary point made in the last section is that 
many chondrules produced by a remelting process will have compo-
sitions similar to their parent material and any effects of fractional 
volatilization will be superimposed upon this initial composition. 
Chondrules as Direct Condensates 
Table 46a summarizes the mass-element correlations observed 
at the 90% significance level, using the error weighted means.  Table 
46b summarizes the mass-element correlations observed at the 95% 
significance level using the unweighted mean.  Due to the importance 
of this type of correlation only those chondrule sets with identical 
correlations for both tables will be considered significant;  these 
correlations are summarized in Table 46c. 
Of the correlations in Table 46c the negative Cr-mass correla-
tion still may be questionable since it is not observed to be signifi-
cant for the entire LL3 set and Ngawi (LL3) has a positive Cr mass 
correlation although it is not significant at the 90% level. 
The positive correlation of Cu with increasing mass of the 
Ornans chondrules is in striking disagreement with the Constrained 
Equilibrium Theory of Blander and Katz (1967).  These workers 
predict that the smallest chondrules will be enriched in the volatile 171 
Table 46a.  Mass element correlations at the 90% significance level for chondrules from 
tupquilibrated meteorites. 
Positive correlation	  Negative Correlation Chondrite 
with mass 
Al 
with mass 
Tieschitz (Fi3) 
Na Ochanslc (H4) 
Al, Ir All H4 
Cr Chainpur (LL3) 
Co Mighei (C2) 
Sc Murray (C2) 
Co All C2 
Ir, Sc, Al Allende (C3) 
Cu Ornans (C3) 
Ir, Sc, Al All C3 
Table 46b. Mass element correlations for low petrographic grades at the 95% significance level, 
Chondrite  Positive correlation  Negative Correlation 
with mass  with mass 
Tieschitz H3 
All H4 
All LL3 
Mokoia C2 
Santa Cruz C2 
(24) 
(32) 
(31) 
(10) 
(7) 
Al 
Al 
Na 
Al 
Sc 
Allende C3  (61)  Al, Sc, Ir 
Ornans C3  (20)  Cu 
Vigarano C3  (7)  Co 
Definite correlations between mass and elemental abundances, Table 46c 
No. of  Correlates positive  Correlates negative Chondrite 
with mass chondrules  with mass 
Al Tieschitz (H3)	  24 
32  Al All H4 
Cr Chainpur (LL3)	  21 
Ornans (C3)  20	  Cu 
Ir, Sc, Al Allende (C3)	  61 172 
elements since the large surface to volume ratio of the small chon-
drules has a greater opportunity to dissolve volatile elements from 
the nebula.  Furthermore, the constrained equilibrium theory does 
not predict a positive mass element correlation for the refractory 
elements such as Al, Sc, and Ir, as observed in some chondrule 
sets. 
The elemental correlations also offer an insight into the mech-
anism of chondrule formation.  The correlations of Al, and Ir which 
occur in many chondrule sets is not expected by direct condensation. 
Blander and Katz (1967) state: "The platinum metals should condense 
as a solid and should have extremely high saturation ratios.  Conse-
quently they would not be expected to condense before iron." In their 
model Fe condenses after the silicates. 
The implication is clear that the platinum metals (Ir) should 
not be expected to correlate with lithophile elements. We have, 
however, previously noted the Ir-Al correlation for a number of 
chondrules sets including those from the apparently unaltered H3, 
LL3, C2, and C3 chondrites.  This correlation is also evident in 
higher petrographic grades.  Larimer and Anders (1970) also noted 
that the petrographic evidence such as the inclusions of sulfide 
grains in chondrules from unrecrystallized chondrites is inconsis-
tent with a direct condensation mechanism (see photomicrographs). 
They also indicate that the lack of correlation between chondrule con-
tent and the chondritic composition suggests the silicate fractionation 173 
preceded chondrule formation, otherwise the element ratios would 
vary with chondrule content.  The opposite would be true if chondrules 
were primary condensates: they would have a cosmic composition in 
contrast to the fractionated matrix.  Furthermore, if chondrules were 
the initial condensates then an ad hoc mechanism must be postulated 
for the production of the matrix. 
It is, therefore, concluded that the bulk of the chemical and 
physical evidence does not favor the hypothesis that chondrules are 
direct condensates from the primitive solar nebula. 
Chondrules by Remelting Pre-existing Dust 
Whipple (1966), Cameron (1966), Wood (1967) and Larimer and 
Anders (1970) have favored chondrule production as a remelting of 
pre-existing dust.  Larimer and Anders (1970) indicate that metal 
silicate fractionation occurred between 680 and 1050°K probably 
centering around 700oK.  They indicate that there is no obvious 
correlation between the two high temperature processes of silicate 
fractionation and chondrule formation.  This is based on the observa-
tion that chondrites of nearly identical Mg/Si ratios have widely 
varying chondrule contents. 
The evidence of this study and of Larimer and Anders (1970) 
strongly suggests that chondrule formation appears to be independent 
of the proposed  condensation mechanisms (Larimer, 1967; and 174 
Arrhenius and Alfven, 1971).  Furthermore, chondrule formation 
appears to have occurred during the last stages of the metal silicate 
fractionation and during the sulfide formation stages in the nebula.  It 
is important to realize that at this stage the silicate phase is ''rich in 
Al, Si, Mg and Ca and poor in total Fe since the metal silicate frac-
tionation has already occurredu(Larimer and Anders, 1970).  These 
inferences are based on the observation of sulfide grains incorporated in 
low petrographic grade chondrules, as well as, on observations of 
sulfides on the exterior of chondrules (see  photomicrographs), and the 
observation that chondrules are depleted in total Fe compared to the 
matrix.  Magnetic fields may have played an important part in the 
fractionation process.  If the temperature had dropped below the 
Curie temperature of the ferromagnetic  elements (Fe, Co, Ni) they 
would be removed selectively from the  silicate phases and other non 
magnetic metals (Ir).  Most of the siderophilic elements would be 
removed with the Fe but undoubtedly some would remain with silicate 
portion.  If the silicates were then melted some of the nonmagnetic 
metal could be incorporated into the molten silicate droplets.  The 
metal silicate fractionation was apparently not totally complete as evi-
denced by metallic inclusions in some chondrules (Al Rais and Renazzo) 
The Fe-Ir-Co correlation is ob- and the Fe- Co-Ir-Ni correlations. 
served in chondrules from Tieschitz,  Chainpur, Soko Banja, Cherokee 
Springs and the L4 chondrules and for the total C3 set, although not 175 
all individual sets showed the correlation.  The Allende chondrules, 
in fact showed a negative, Fe-Ir correlation, at the 95% significance 
level.  However, at the 99% significance level the confidence belts 
indicate that a positive correlation is possible.  Also it should be 
noted that Co, Ni and Ir are more siderophile than Fe and would tend 
to correlate to a higher degree than with Fe, as Fe would have a 
greater tendency to oxidize.  It must also be emphasized that Fe is 
distributed between at least two phases (perhaps three) and Ir-Fe 
correlation would occur for the least prevalent phase.  Consequently, 
considering the relative error of the Ir determinations, the phase 
distribution and the statistical nature of correlation coefficients it 
is not surprising that this correlation is not observed in every case. 
It is of further significance to note that in those chondrules which 
were inspected in thin section or as whole chondrules the Ir content 
seemed to correspond to the observable metal content.  These obser-
vations are totally consistent with the suggestion of Larimer and 
Anders (1970) that some of the refractory siderophilic elements were 
fractionated with both the lithophilic elements (the Al-Ir correlation) 
and the siderophilic elements (Ir-Co correlation). 
Since the remelting process preferentially melted the silicates 
the increased Na-content of some chondrules compared to the whole 
chondrite may be artifact resulting from the lower metal content 
of the chondrules compared to the whole rock.  This would be most 176 
evident for chondrules from low petrographic grades  where Na  
diffusion into the chondrules is not believed to have occurred.  For 
example, the average Na content of chondrules from Tieschitz (H3) 
is 7510 ppm while the matrix has a Na content of 5790 ppm. The 
ratio of Na /Si  = 330, while Na /Si  = 340 (c = chondrules; w = 
c c  w w 
whole chondrite).  These ratios indicate that no significant fractiona-
tion between Si and Na has occurred, i. e.,  the process which en-
riched the chondrules in Na compared to the matrix had to act the 
same way on both Si and Na.  It is difficult to postulate a chemical 
process that would affect Na and Si in such a manner as to leave their 
ratio unaltered.  This observed fact is more easily interpreted by 
considering a process which affects neither Na or Si,  such as the 
physical loss of metal.  Further support for this idea is shown by 
the following ratios. 
Si /Si =  1.3  c w 
Al /Al =  1.3 
c w 
Na /Na =  1.3 
c w 
Mnc /Mnw = 1.2 
Scc/Scw = 1.3 
The above ratios indicate that if approximately 2/3 of the metallic 
Fe were physically removed from primitive material similar in 
composition to the whole chondrite it would approximate the compo-
sition of the chondrules for the lithophilic major,  minor and trace 177 
elements.  The physical loss of 2/3 of the metallic Fe is also consis-
tent with the ratios of the siderophilic trace elements Coc /Co  = 0.34 
and Ni /Ni  = 0.39. 
c w 
The lightning flash hypothesis of Whipple (1966) and Cameron 
(1966) predicts a reduction of volatile materials in some chondrules. 
The hypothesis is consistent with the observed trends for Na and 
some of the K, Rb, and Cs numbers.  If a few chondrules were just 
melted at the edge of the lightning discharge, i. e., subject to minimal 
heating or low temperatures, they would be expected to retain their 
volatiles. 
Those chondrules which are highest in Na may be postulated to 
have been melted only once, while those which are generally low in 
Na may be postulated to have experienced multiple remelting events. 
The largest chondrules would be expected to have been melted many 
times (Cameron, 1966); thus they would be lowest in volatiles and 
highest in refractory elements.  This accounts for the negative corre-
lations between Al and mass for the small chondrules but yet a posi-
tive correlation between mass and Ir, Sc, and Al from the large 
chondrules of Allende. 
The Fe chondrules in the remelting hypothesis would have been 
produced by the melting of pre-existing metallic particles.  The Fe 
coated chondrules might be produced in a manner very similar to 
that described by Blander and Katz (1967) except that the condensation 178 
would occur after flash volatilization rather than as a primary conden-
sation phenomenon.  It is suggested that most chondrules were pro-
duced in the nebula from multiple remelting events which then mixed 
in a turbulent nebula producing the observed distributions. 179 
VIII. SUMMARY AND CONCLUSIONS 
There are many ideas and conclusions which have been suggested 
in the text of this work as a result of the analysis of over 500 chon-
drules from about 27 chondrites.  This section reviews the most per-
tinent of these observations.  It is important to again note at this point 
that an unavoidable bias is introduced by hand picking chondrules for 
elemental analysis in that friable and easily broken chondrules are 
unavoidably discriminated against.  Therefore, some of the conclusions 
are restricted by this bias. The mineral assemblages comprising each of 
the 500 chondrules is not known which further qualifies the conclusions. 
I.  Chondrules from the H and LL groups appear to represent 
consistent variations from low petrographic grades to high petrographic 
grades.  The variations are observed most readily for an increasing 
Al-Na correlation coefficient and decreasing Mn-Na correlation coeffi-
cient with increasing petrographic grades. A decrease in the disper-
sion of Mn and Na was also observed with increasing petrographic 
grade. Na contents in the chondrules increase as a function of petro-
graphic grade.  These observations are interpreted as indications of 
increasing equilibration of the chondrules with the matrix. 
II.  The chondrules from the carbonaceous chondrites may be 
divided into high Na and low Na chondrules (Schmitt et al., 1965). 
Furthermore, it appears that there are slight compositional differences 180 
between the Vigarano and Ornans subgroups as defined by Van Schmus 
(1969).  This work supports the conclusions of Van Schmus and Wood 
(1967) and Van Schmus (1969) that the C2 and C3 groups are not 
generally related by metamorphic processes while Karoonda may be a 
result of metamorphism of material similar to the Ornans subgroup. 
III.  The Ni/Co ratio was found to be variable within chondrules 
from the same meteorite, for example, the range in Ochansk chon -. 
drules is from 10 to 60.  This variability is attributed to differences 
in the siderophilic character of Ni and Co, and to the variable metal 
to silicate ratio in the chondrules.  The Ni/Co ratios may be a possible 
cosmothermometer since the siderophilic characters of these elements 
vary differentially with temperature (Krauskopf, 1967). 
IV.  The abundances of the alkali elements Rb and Cs were found 
to be highly variable in the few chondrules studied, although the 
Rb/Cs ratios for the Chainpur chondrules remained relatively constant. 
Both Rb and Cs appear depleted in most chondrules compared to the 
whole rock. 
V.  Petrographic thin sections of a few of the same chondrules 
for which trace element contents were determined by INAA suggested 
that the trace element distribution may be consistent with their mineral 
assemblages except for a positive Ir-Al and an Ir-Sc correlation which 
were prevalent in all compositional classes. 
VI.  Theories concerning the origin of chondrules were discussed 181 
in the context of the chemical abundances and correlations observed 
in this study. 
Volcanism o r impact onto a homogeneous magma are a. 
possible mechanisms for the  production of some chondrules  but are riot 
thought to be the main line sequence for the production of most  chon-
drules. 
The constrained equilibrium theory appears to be incon- b. 
sistent with the positive  Al-Ir and Al-Sc correlations observed and 
with the mass element correlations observed for Cu,  Al, Sc, and Ir. 
Some chondrules may have been produced by impact but c. 
this mechanism does not appear to be able to produce the necessary 
compositional fractionation observed in some chondrules. 
d.	  The compositional data were found to be consistent with 
The remelting the remelting of pre-existing dust in the solar nebula. 
appears to have occurred during the last stages	 of the metal silicate 
fractionation or by a preferential melting of silicate phases.  The 
presence of sulfides on both the exterior and interior of some chon-
drules suggests that sulfide formation was under progress  during the 
remelting sequence. The chondrules produced in one event were 
apparently mixed with chondrules from other events and finally incor-
Additional chondrules may have been porated into the parent body. 
produced by impact during accretion of the parent body.  The composi-
tional evidence then suggests that some of the chondrules equilibrated 182 
with the matrix material of their parent body. 
There are several additional experiments which might be fruitful 
in further unraveling the formation of chondrules.  First, and most 
important the minerology of the individual chondrules must be deter-
mined.  This might be done by x-ray diffraction or thin sections.  The 
oxidation state of Fe in the chondrules could be determined by 
MOssbauer studies.  This data should then be correlated with studies of 
Co, Ni, Cu, Au, Ir, Sc, Al, Na, Mn, and Cr.  Radiochemical studies 
should then be used to determine the In,  Zn, TI, Bi, K, Rb and S 
contents of the individual chondrules.  The Ni/Co ratio should be 
further investigated and developed in detail,  if possible, as a cosmother-
mometer .  Also the compositional differences between the accretionary 
and preaccretionary chondrules identified by Eleston (1969) should be 
investigated.  It would also be interesting to study the trace element 
contents of the lunar spherules by the same techniques employed in 
this study.  Finally,  it would be valuable to study the vapor fraction-
ation pattern for mafic melts as Chapman and Scheiber (1969) did for 
silicic melts. 183 
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APPENDIX I 
"Defendit numerus": There is safety in numbers 
The author wishes to emphasize that he did not personally 
determine all the values reported.  The majority of Na, Mn, Cu 
and Si abundances were determined by Dr. R. A. Schmitt and the 
late Mr. R. H. Smith.  Their original work is reported in a series 
of Gulf-General Atomic progress reports (1962-1966).  The abun-
dances for the Allende chondrules were determined by Mr. R. G. 
Warren and reported in an OSU Master's thesis (1972). 
In this work counting statistics for over 95% of the Cr, Sc and 
Fe determinations were at the *1% counting statistics.  The Co deter-
minations were *3-4% for small chondrules (0. 5 mg) with low Co 
abundances (25 ppm). Approximately 99% of the Co analyses have 
counting statistics at the 2% level.  The Al analyses have a precision 
of 4% for the smallest samples and 2% for those approximating a 
milligram or larger.  Na and Mn values had counting statistics of 
approximately *1%.  However, replicate analyses indicate ±3% for 
the large samples and *5% for the smallest samples are more rea-
sonable estimates of precision.  Si is reliable at *5%.  Counting 
statistics are felt to be adequate representation of the errors for 
Cu and Ir determinations, errors are given for Ca and V.  The 
determination of K is felt to be adequate at about 10 and 5% for 194 
Rb and Cs.  
Alphabetical listing of chondrule sets reported  
Allegan 
Allende 
Al Rais 
Chainpur 
Cherokee Springs 
Felix 
Kaba 
Karoonda 
Lance 
Meghei 
Miller 
Mokoia 
Murray 
Ng awi 
Ochansk 
Ornans 
Renazzo 
Richardton 
Saratov 
Soko Banja 
H5 
C3 
C2 
LL3 
LL6 
CZ 
C2 
C4 
C3 
C2 
1-15 
C2 
C2 
L,L3 
H4 
C3 
C2 
H5 
L4 
LL4 
Tennasilm  L4 
Tieschitz  H3 
Vigarano  L3 
Weston  H4 195 
Arrangement of Appendix I 
The data sets are arranged by chemical class and petrographic 
grade as below. Subsets within petrographic grade, are in alpha-
betical order. 
H3 
H4 
H5 
LL3  
LL4  
LL5  
LL6  
L4  
C2 (Type II)  
C2 (Type III)  
C3  5
10
15
20
25
Tieschite chondrules  Meteoritic class H3 
Chondrule  Weight  Si (  )  Al (  )  Fe ( 
a 
Na (ppm) ) 
a 
Mn (ppm) )  Cr (ppm) )  Sc (ppm) )  Co (ppm) ) 
a
Cu (ppm)  Ir (ppm ) 
number  (mg) 
1  0.316  2. 68  5. 5  18500  1400  2440  20.1  14.5  139 ± 9  0.00 ± . 02 
2  0.390  0.86  15.6  5690  4100  4040  7. 7  20  39 ± 9  0.02 ± .03 
3  0.438  1.48  13.0  5010  2320  4390  11.5  190  1.00 ±.04 
4  0. 626  1.05  11.6  5370  2910  3560  7. 7  177  90 ± 13  0 ± . 05 
0.756  1.48  7.0  4290  1450  3720  12.3  73  18 ± 7  0. 13 ± . 03 
6  0.794  3.06  17.8  7440  1700  3610  9. 5  365  180 i 38  1.51 ± . 06 
7  0.868  0.05  65.  1260  900  1490  0  , . 7  1940  470 ± 50  28. 2 ± . 2 
8 
9 
1.038 
1.04 
1.20 
1.49 
1.03 
1.35 
12.2 
16.7 
14.8 
5720 
11
5720
b
12050 
1950
b
2580 
b
3120 
4170 
3500 
3900 
10.3 
7.8 
10.2 
197 
254 
76 
50 ± 13  0.33 f .06 
0. 28 ± . 04 
0.14 ± . 07 
1.872  0.75  17.8  8370  5200  3780  6. 2  17.9  38 ± 13  0.0E 1 . 02 
11  1. 268  12.3  8020  4580  3870  7.9  42  39 ± 12  14.3 1 . 2 
12  1. 276  1.40  8.0  4520  3010  4420  11.8  55  12 ± 17  0. 12 ± . 06 
13  1. 628  1.35  11.8  13920  2940  3000  11.3  11.4  15 ± 21  0 ± . 02 
14  1.760  1.37  9.1  8940  3020  4550  13.0  38  33 1 6  0.12 1.03 
1.872  0.75  17.8  8370  5200  3780  6.2  17.9  38 f 13  0.06 f .02 
16 
17 
2.076 
2. 156 
1.56 
1.37 
16.3 
22.6 
2560 
10100
b 
1110 
3390
b 
2410 
3490 
11.8 
9. 1 
283 
112 
0. 65 ± . 05 
0. 19 r . 02 
18  2.306  1.14  22.0  9620  2540  3920  8. 3  36.8  29 ± 12  0.05 ± . 02 
19  2.402  1.33  16.1  4760  3340  4130  10.3  86  0.19 ± . 02 
2. 654  2.04  4. 3  15800  1990  1520  11.9  22.4  27 ± 3  0.02 ± . 02 
21  2.996  0.87  26.  7840  2510  2550  7.0  195  110 ± 1  0. 29 ± . 02 
22  4.354  1.33  20.1  3710  1520  4110  9.5  834  81 ± 1  0.40 ± . 04 
23  5.798  0. 27  9. 5  8460  4340  4340  9. 0  22.9  23 ± 1  0.05 ± . 03 
24  17.46  20.3  0. 20  12.0  2150  1190h  3500  14.  250  0.80  h . 05 
c 
c
26 (m )
c 27 (m ) 
c
28 (m ) 
18.76 
6. 10 
20. 44 
43. 43 
25. 8 
21. 5 
21.9 
1.34 
1. 23 
1. 20 
1. 19 
10.8 
10, 7 
7. 8 
14. 8 
4520 b 
b
10360 
b
4570 
b 
2200 
3620 
b
2010 
b
2720 
b
3090 
3930 
3800 
3490 
3840 
9. 2 
12.8 
6.8 
7. 7 
25.2 
45.3 
330 
350 
0. 10 ± . 03 
0.04 ± . 03 
0. 20 ± .08 
0.39 ± . 06 
aSchmitt and Smith (1965h) 
bValues by this author 
cComposite fractions; #25, 2.00  - .841 mm; #26,  .595 - . 297 mm, #26,  .595 - .841 mm, #27,  .841-2.00 mm. those with an "m" are magnetic CN Tieschitz 
Chondrule  Weight  Ca ( %)  V (ppm)  Ni (%) 
number  (mg) 
24  17.46  1.6 ± . 1  132 f10 
25  18.76  1.5 1 . 1  131 f8  0.42 f.03 
27  20.44  1.47 ± .02  134 f 10  0.74 1 . 06 
28  43.43  1.6 ± .1  180 ± 15  0.87 f .06 5
10
15
20
25
Ochansk chondrules  Meteoritic class H4 
Chondrule  Weight  aSi (%)  Al (%)  Fe (%)  aNa (ppm)  aMn (ppm )  Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm)  Ir (ppm) 
number  (mg) 
1  0.270  3.66  7.3 f 1  19700  2400  2280  27.6  .  6. 2  1.7 f 0.5 
2  0.279  1.73  10.7  8450  3130  3460  9.6  37  0.17 ± 0.2 
3  0.408  1.60  7.8  7310  3250  1140  15.5  3.2  0.05 + 0..02 
4  0.601  1.68  19.5  9280  3020  4470  11.5  32  0.08 ± 0.08 
0.672  0.94  11.5  5650  3370  2360  8.5  15.4  0.05 ± 0.03 
6  1.252  1.72  7.3  10550d  3100d  4670  12.5  4.3  0.09 1 0.03 
7  1.781  1.55  10.8  8310d  3080 3200  12.4  32  0.14 1 0.03 
d 
8  2.046  1.79  6.7  10320  3220  2320  18.3  4.1  0.10 1 0.03 
9  2. 632  1.80  9.4  7210  2900  4480  9.4  12. 2  0.05 + 0.03 
2.928  1.47  9.4  8070  2690  2370  16.5  276  0.64 f 0.03 
11  2.928  2.09  14.6  11400  2920  4850  24.4  17.6  0.06 ± 0.03 
12  4.192  1.30  8.0  9140d  3070  2570  16.7  8.7  0.05 ± 0.02 
13  5.509  25.4  1.06  8. 1  7040  2860  1420  18.6  16.8  35 1 21  0.03 f 0.01 
14  5.937  0.86  10.1  62304  37104  3370  9.8  77  0.02 f 0.01 
6.095  24.6  1.20  8.2  5870  3010  3530  13.9  30.6  55 1 17  0.03 ± 0.02 
16  6.448  24.6  1.8  11.6  2800  2950  2880  10.3  63  35 ± 17  0.06 f 0.04 
17  6.79  25.5  0.70  15.9  4920  3110  2570  13.6  60  35 1 17  0.0 f 0.04 
18  7.656  25.4  1.34  9.8  7890  2780  2670  18.8  74  61 ± 22  0.08 ± 0.04 
b
19 10.50  25.9  0.71  7.8  4860  2660  2100  11.9  54  29  14 
b  13.63  23.7  1.05  10.2  5830  2740  3340  10.0  103  84 ± 14 
b
21b  16. 60  26.7  0. 65  10. 3  5630  3060  2740  9. 2  38  109 ± 13 
22c  20.27  24.8  1.31  10.2  6270d  2760  3020  11.7  165  59 1 14 
23  92.20  22.3  1.49  11.0  7580  32504  13.5  41  0. 15 1 0.03 
24c  98.94  24.8d  1.40  10.3  7520d  3240
04:1  3850  13.3  47  0.10 ± 0.02 
c d  d
98. 18  24. 1  1. 28  12. 0  6820 31504  3460  15. 2  166  0. 11 1 0.02 
a values by Schmitt and Smith (1964a); b Fe, Sc, Co, Cr by Schmitt and Smith (1964a); c composite samples--#23  0. 60-0.30 mm; #24, 0.84 -. 60mm; 
#25,  . 0-084 mm; d values by author 
Sample  Ni (%)  Sample 
#14  5.937  0.33 f . 02  #23c  92. 20  0. 18 1 .01 
#16  6.448  0.26 ± . 03  #24
c  98.94  0.26 ± . 01 
#18  7.656  0. 15 1 . 02  #25c  98. 18  0. 16 f . 03  O 
oo Weston Chondrules 
Meteoritic class H4 
Chondrule  Weight  Si (%) 
a 
Al (%)  Fe ( %)  Na(ppm) a  Mn(ppm) 
a 
Cr (ppm)  Sc(ppm)  Co(ppm)  Cu(ppm)a  Ir (ppm) 
Number 
1  0.392  1.59  13.5  5240  2020  5860  14.7  220  38 ± 11  0.33 1 .03 
2  0.469  1.42  12.3  6400  1980  5340  11.5  14.7  55 1 11  0,07 ± . 02 
3  0.528  4. 18  7.4  5800  480  5150  4.9  16.7  81 ± 12  0.41 ± . 04 
4  0. 620  1.33  8.3  5580  2640  4540  9.9  31.0  36 1 9  0.06 ± . 02 
5  0.806  4. 12  13. 2  17100  650  2660  32.3  528  102 ± 11  0.34 f .02 
6  0.869  2.75  12.2  12000  1690  4750  10.0  88  57 ± 9  1. 1 ± . 1 
7  0.914  0.55  7.0  2620  3610  3020  2.9  19.5  10 ± 6  0.01 ± .01 
8  0.956  1.80  12.2  7000  1930  3410  7.9  72  28 ± 8  0.11 f . 1 
9  0.968  1.55  10.1  6890  2830  5420  10.4  23.6  46 1 8  0.04 ± .02 
10  1. 196  26. 2  1. 11  7. 6  4500  1780  2200  25.0  16.9  26 1 5  0, 07 1 . 02 
11  1.520  25.4  4.89  1.10  7270  1820  3090  16.3  23.8  24 ± 5  0.02 ± . 02 
12  1. 672  20.2  2.06  11.0  5630  1960  8650  36.  15  27 f 5  0.22 ± . 02 
13  2.476  26.3  1.21  10.5  4030  2130  5500  11.6  85  37 1 4  0.07 ± . 01 
14  2.818  28.0  1.40  8.6  5350  2040  3030  13.2  31  26 ± 4  0.09 ± . 02 
15  4.318  21.7  1.62  8.3a  6200  1720  2280  8 
a 
36. a  31 f 3 
16  12.06  25.3  1. 29  6. 6a  5420  1950  2330  6a  10a  5 1 5 
aSchmitt and Smith (1966) Allegan chondrules 
Meteoritic class H5 
Chondrule  Weight (mg)  Si a (%)  Al (56)  Fe (%)  Na
a
(ppm)  Mn
a
(ppm)  Cr(ppm)  Sc(ppm)  Co (ppm)  Cu
a
(ppm)  Ir (ppm) 
number 
1  0.438  1.09  10.0  5590  3130  2560  12. 2  86  57 ±24  0. 24 ± . 02 
2  0.452  1.72  10.8  9100  3100  3620  9.5  65  28 ± 14  0.45 1 .04 
3  0.526  1.67  11.2  9460  2930  2860  14. 1  160  30 ± 15  0.15 ± . 01 
4  0.576  1.30  7.8  7350  2890  2600  21.4  11.5  0.09 ± . 02 
5  0.628  0.96  13.0  5440  3240  2590  5.4  72  0.36 f .04 
6 
7 
0.864 
0.885 
1.19 
1.4 
11.8 
11.9 
7050 
7630 
2840 
2700 
2040 
3560a 
11.9 
11.6a 
47 
5 
a  50 f 19 
0.17 ± .08 
0.17 f . 10 
8  0.926  0.88  8.2  5280  2970  1550  23.5  83  53 1 17  0.04 ± .04 
9  1.048  2.73  10.6  15000  2590  2900  5. 1  48  0 ± .04 
10  1.128  1.92  10.9  10200  2800  2870  7.6  33  0.17 f .04 
11  1.234  1.29  6.1  7500  2890  2290  27. 4  12  0.09 f .01 
12  1.276  1.53  13.9  8400  3130  2950  13.3  22.4  0.19 1 .02 
13  1.311  28.9  1.37  9.6  7800  3130  3250  10.7  54  10 1 15  0.03 ± .03 
14  1.338  22.0  0.75  14.0  3620  3110  4000  5.9  94  47 ± 12  0.10 ± . 02 
15  1.492  1.19  8.0  6730  3130  2850  22.5  25.8  3 ± 15  0.05 ± .01 
16  1.756  1.02  11.2  5900  3130  2220  8.4  76  48 ± 12  0.29 f . 03 
17  2.348  34.3  1.49  8.8  7930  3040  2550  8.8  55  0.24 ± .02 
18  2.713  25.9  1.40  11.0  7830  2680  2940  18.8  63  12 ± 12  0.23 ± . 03 
19  2.974  25.0  1.45  13.6  7760  2800  4800  6.0  104  46 f 11  0.24 1 .02 
20  3.93  29.3  1.2  10.2  7030  3070  2100  19.3  27  21 ± 10  0.17 ± .02 
aValues by Schmitt and Smith (1964a) Forest City chondrules 
Meteoritic class H5 
Chondrule  Weight  Al ( %)  Fe (%)  Na
a(ppm ) Mn
a 
(ppm )  Cr (ppm)  Sc(ppm)  Co(ppm )  Cu  )  Ir (ppm) 
number  (mg) 
1  0.384  1.28  10.2  7860  2680  3560  30.9  38  7 1 9  0.09 ± . 03 
2  0.410  0. 19  10.9  900  3560  3110  10.2  7.3  9 ± 5  0.04 f . 02 
3  0.526  1.45  12.4  8580  2620  2240  22.0  50  32 ± 8  0.05 ± . 02 
4  0.890  1.62  11.1  8950  2920  3760  8. 1  40  0 ± 8  1.72 1 . 04 
5  1. 136  0.90  10.8  5420  3020  2490  12.6  72  31 ± 8  0.03 1 . 01 
6  1.168  1.33  7.3  7560  2830  3450  17. 1  2.3  0 f 13  0.14 + . 03 
7  1. 178  1.47  10.6  8430  2710  3420  15.0  37  25 ± 9  0.07 1 . 03 
8  1. 288  1.30  11.1  8000  2680  4010  14.2  15.0  42 1 10  0.09 1 . 03 
9  1.588  1.08  6.9  6670  2790  1420  17.8  1.4  8 1 6  0.0 1 . 02 
10  1.874  1.06  10.9  5420  3090  4210  9.1  27  87 ± 10  0.11 ± .01 
11  2.172  0.60  7.5  6800  2540  1690  21.3  49  14 ± 7  0.01 1 .01 
12  2.334  0.81  8.5  5460  2850  990  13.0  21.8  10 1 5  0.0 ± . 03 
13  2.730  0.73  8.4  5140  2840  2030  12.7  53  17 1 4  0.04 ± . 01 
14  3.304  2.32  10.7  12250  2500  2630  16.1  107  28 1 18  0.09 ± .01 
15  3.368  1.58  9.6  8430  2850  4050  11.5  15.4  20 1 9  0.03 ± . 03 
16  3.508  1.56  9.4  8380  2890  2930  10.7  28.7  10 ± 14  0.0 ± .02 
17 
17Ab b 
4.303 
1.821 
1.33 
1.47 
12.9 
8.9 
7580 
8970c 
2690 
2670c 
3050 
3000 
15.2 
17.1 
8.4 
9.8 
17 1 7  0.09 ± . 01 
0.16 1 . 04 
17B  2.482  1.22  15.3  7100c  2800C  3078  13.8  7.5  0.04 f .04 
18  4.374  1.17  9.3  8540  2780  3780  12.4  48  23 ± 10  0.02 1 . 01 
19  6.972  1.42  9.8  8240  2680  2700  18.2  15.6  12 ± 9  0.06 ± . 06 
aThese values determined by Schmitt and Smith 
bTwo fragments of chondrule #17 
cValues determined by this author Miller chondrules  
Meteoritic class H5  
Chondrule  Weight  Si ( %)  Al ( %)  Fe ( %)  Na
a
(ppra)  Mita
(pprn )  Cr (ppm)  Sc( ppm)  Co (ppm.)  Cu
a 
(ppm)  (PPm) 
number  (mg) 
1  0. 189  1.44  20.0  7740  2740  2610  2. 2  404  66 1 16  7.74 1 . 30 
2  0.539  3.23  9.6  16000  2570  930  7:1  49  26 ± 13  0.26 ± . 03 
3  0.718  1.22  9.3  6900  2770  1770  37.4  46  55 f:9  0.31 ± . 08 
4  0.882  1.75  30.1  9320  2620  1720  12.4  147  49 ± 9  0,36 ± , 06 
5  0.939  4.56  8.3  24300  1920  2140  17.5  54  52 ± 16  0.26 ± . 03 
6  1.034  1.68  12.7  9140  2620  2020  11.3  105  89 ± 10  0.43 1 . 06 
7  1.294  1.45  11.8  8000  2740  1710  16.8  111  17 ± 7  0.15 ± . 03 
8  1.603  1.43  4.7  8720  2310  2720  46.5  14.0  0 ± 6  0.09 f .04 
9  1.780  1.69  10.3  9420  2500  2050  24.8  57  39 f 7  0.15 1 .04 
10  1.868  1.21  7.3  6900  2570  2320  35.1  28.1  38 ± 5  0.24 1 . 05 
11  2.305  1.26  8.4  7300  2650  1920  33.2  57  65 f 6  O. 17 1 .05 
12  2.777  1.27  9.2  8250  2830  1830  20.2  28.8  26 1 5  0.14 1 .04 
13  3.252  2.79  15.2  8010  2620  1590  6.6  102  66 ±5  0.19 1 .04 
14  4.034  1.23  11.0  7920  2710  2480  17.5  58  52 f 5  0.33 ± . 05 
15  5. 124  1.47  9.6  8960  2560  1580  22.3  95  17 ± 4  0.14 f . 06 
16  5.551  0.65  6.9  8150  2790  1510  22.8  45.1  4 ± 4  0.09 ± . 02 
17  6.487  0.70  9.7  4320  2950  1340  12.0  117  46  3  0.14 ± . 02 
18  6.589b  0.81  8.4  S680  2330  2390  278  28. 14- 0.04 ± . 02 
19  27.09  23.4  1.31  17.2  6460  2400  4260  21.3  167  26 f 2  0:0 1 05 
a Schmitt and Smith (1965c) 
Ni abundance for #18 0.74 f .03% Richardton chondrules 
Meteroritic class HS 
Chondrule  Weight  Si (%)a  Al (%)  Fe (%)  Na (ppm)a  Mn (ppm)a  Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm)a  Ir (ppm) 
number  (mg) 
I  0.398  2.57  11.6  11600  2890  1950  3.5  26. 2  50  12  O. 52 ± . 05 
2  0.410  1.79  8.2  8130  3250  3830 0  13.1  14.0  19 + 10  0.0  .07 
3  0.463  1.8  9.3  8040  2740  3040a  8a  689 1 23  61 ± 11  0.1 ± .1 
4  0.760  1.42  10.6  7070  3180  5010  8.3  43  26 f 7  0.19 f . 06 
5 
6 
0.798 
0.980 
1.68 
5.08 
9.8 
9, 6 
7930 
18800 
3010 
2320 
3670 
12080 
12.7 
11.1 
29.2 
25.7 
64 1 9 
49 f 11 
0.07 f . 02 
0.28 f .03 
7  0.988  4.70  10.8  20600  2150  6800  6. 6  50  77  13  0. 22 ± . 04 
8  1.09  1.0  8, 3  5490  3280  5750a  13a  40 + 14a  32 1 6  0.0 1 . 07 
9  1.17  31.2  1.72  8.8  9150  2920  3840  17.8  28.2  47 + 8  0. 2 ± 0. 2 
10  1.29  26.3  1.47  9, 4  7260  3120  3490  11.3  17.3  42 1 7 
11  1.402  22.5  1.42  17.3  6030  2850  5490  7.0  96  106 ± 8  0.28 ± . 02 
12  2.550  26.6  1.8  9.1  8370  2730  2240  19.2  42  39  5  0.22 
13  2.571  22.9  1.64  13.9  6600  3000  4000  7.1  1.8  79  f 5  0.26  ± . 06 
14  2.958  25.4  1.37  10. 1  7040  2910  3360  12.3  32  23 f 5  0.0 f . 05 
15  3.07  22.7  9, 2  8220  2730  2360a  18a  66a  33 ± 5 
16  4.14  25.4  10. la  7630  2840  3180a  11.5a  20a  33 1 3 
17  7.136  26.7  0.92  7. 6  5620  3030  2360  12.8  31  23 1 5  0.07 f .07 
18  7.40  28. 8  9.92  5900  3070  3620a  11.1a  31a  33 ± 2 
19  9.978  27.5  0. 62  11. 1  2630  3260  4340  8. 6  58  21 1 2  0.10 ± . 01 
2Schmitt and Smith (1965c) Sindhri chondrules  
Meteoritic class H5  
Chondrule  Weight  Si ( %)  Al (%)  Fe ( %)  Na (ppm)  Mn(ppm )  Cr'(pprn)  Sc (ppm)  Co (ppm)  Cu (ppm)  Ir (ppm) 
number  (mg) 
1 
2 
0. 242 
0.370 
1. S3 
1.48 
10.0 
7.7 
8470 
7000 
3010 
2900 
3210 
4030 
13.9 
13.5 
117 
80 
52 ± 13 
40 ± 20 
O. 14 ± . 01 
0.03 1 .03 
3  0.518  1.56  12.5  10100  3100  10100  6. 6  90  18 1 9  0. 24 ± . 04 
4  0.528  1.58  9.9  9250  2630  1970  24.8  13  23 ± 8  0.15 ± .01 
5 
6 
7 
0. 696 
0.724 
0.764 
1.82 
1.58 
1.57 
10.6 
99.a 
12.5 
9520 
8800 
8060 
2970 
3000 
3030 
3800 
3020 
3500 
9. 1 
9.6 
8.6 
67 
4a 
105 
38 f 10 
17 f 9 
72 1 7 
0.09 ± . 04 
0.03 ± .09 
0.09 1 .03 
8  0.778  1.69  9.1  8600  3100  3820  9.5  16  20. ± 10  0.02 ± . 02 
9 
10 
11 
0.786 
0.964 
1.144 
0.22 
1.59 
1.52 
11.6 
9.8 
10.5 
8250 
7480 
7870 
3060 
3100 
2990 
3280 
3260 
4220 
7.0 
7.0 
7.8 
47 
7a 
28 
13 ± 9 
11 ± 8 
13 t7 
0.0 1 . 02 
0.12 ± .02 
0.14 ± . 02 
12  1.306  1.46  10.3  8020  2740  2270  21.7  22.6  17 1 7  0.04 ± . 01 
13 
14 
1. 600 
1.940 
1.18 
1.52 
7.4 
9.7 
7160 
7600 
2780 
2950 
2500 
2980 
20.9 
12.1 
19.5 
58 
21 1 6 
15 ± 7 
0.05 1 . 02 
0,05 ± .02 
15  2.310  0.95  7.4  5500  3010  2890  10.8  57  14 1 4  0.05 1 . 02 
16  2.830  1.58  9.3  7220  3230  4310  11.2  30  6 ± 4  0.09 ± . 04 
17  2.436  1.88  14.5  7640  2840  3780  22.8  38  15 f 5  0.02 ± . 02 
18  3.502  1.52  10.6  9450  2620  2460  17.0  25  16 ±5  0.09 ± . 03 
19  7.226  1.47  64.1  10000  2540  17400  7.2  517  0 ±7  0.2 1 . 1 
20  12.48  29.1  1.26  9.  7570  2590  3340  10  23  9 f 5 
Ni 
19  7.226  1.35 f 10 Chainpur chondrules  
Meteoritic class LL3  
Chondrule  Weight  Si (%) 
a 
Al (%)  Fe ( % )  Na (ppm)
b 
Mn (ppm)  Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm)
b 
Ir (PPm) 
number  (mg) 
1  0.586  1.96  12.7  6860c  1320c  3130  13.4  109  0.14 f .03 
2 
3 
4 
0.616 
0.637 
0.808 
1.44 
1.26 
1.12 
6.6 
13.0 
12. 3 
5720c 
6860c 
1580c  c
2440 
1310c 
5310 
3870 
4680 
9.6 
9. 6 
9.3 
34 
60 
104 
0.07 ± . 03 
0.02  ± . 03 
0.14 ± .04 
5  2.046  17.8  1.10  8.2  8290  2360  4390  9.5  120  83 ± 14  0.09 ± .02 
6  2.052  27. 5  1, 66  23.8  3980  3480  4010  6.9  461  8 ± 8  0.21 f . 02 
7  2.402  0.76  5. 2  5480  4460  4400  9.3  58  0.03 1 . 03 
8  2.440  27. 1  1.46  12. 2  10100  3950  4110  6. 0  101  0  0.09 1 . 01 
9  3.372  22.8  1.29  11.7  6160  3160  4290  7. 6  259  51 ± 10  0.24 ± . 2 
10  5. 970  22. 8  1. 31  12. 2  5480  3950  3820  7.0  63  64 ± 12  0.06 ±  .01 
11  5.058  1.00  9.3  8670c  3880c  3840  6.3  101  0.12 1 .02 
12 
13 
14 
6.654 
6.130 
6.728 
26.1  1.07 
0.98 
0.89 
19.5 
17.3 
9.6 
9310 
332e 
8010c 
3840 
2860c 
c
3360 
4530 
3230 
3470 
5.1 
5.4 
10.2 
810 
171 
90 
0  0.91 ± . 06 
0.04 ± .02 
0.11  ± .02 
15  6.980  18.9  0.97  5.0  6480  680  3570  7.5  34  56 f7  0.0}. ± .01 
16  9.154  21.3  1.46  8.3  5910 59920c  2750  4070  8.6  22  0  0.09 ± .06 
17 
18 
19 
14.04 
19.80 
17.80 
23.6°  c 22.8 
1.17 
0.0 
0.09 
8.1 
14.5 
23.8 
6630 
3710c 
2280c 
4280 
2880c 
4270 
3760 
5410 
8.9 
12.5 
9.0 
61 
126 
220 
9 ± 9 
0.07 ± .03 
0.05 ± .05 
0.04 ±  .04 
20 
21 
25.86 
30.38 
17.9 
16,8 
1.07 
1.71 
12.6 
13,9 
6970c 
1670 
3300c 
1520 
5100 
3910 
6.7 
11.7 
68 
180  10 f 3 
0.12 1 .06 
0,11 ± .1 
c 
22 
23 
24 
25 
26 
39.22 
87.94 
14.46 
36.60 
130.8 
28.8c 
20. e 
22.3° 
24.4° 
0.67 
1.71 
0.05 
0.28 
1.33 
3.7 
6.3 
7.0 
14.1 
5560c 
283e 
7890c 
7490c 
6140c 
1330c 
1440c 
c 
2100c 
3320c 
1380 
2500 
2820 
4330 
4.1 
6.4 
5.7 
9.4 
44 
76 
87 
179 
0. 07 ± . 07 
0.09 ± .08 
0.06 ± .08 
0.09 ± .03 
aSchmitt and Smith (1955a)  cValues by this author 
b Schmitt and Smith (1964)  Thes e are composite samples: #23, 0. 297- 595 mm; #24, 0. 595-0. 845 mm; 
# 25, 0. 845-2. 00 mm Chainpur chondrules 
Meteoritic class LL3 
Chondrule  Weight  Ca (%)  V (ppm)  Ni ( %) 
number  (mg) 
16  9.154  1.41 A  . 11  160 f 16  0.06 f . 04 
18  19.80  1.32 A .13  106 f 11  0.32 ±.03 
19  17.80  2.53 1 .20  34 ± 6  1.41 f .03 
20  2S.86  1.20 ± . 20  78 ± 8 
21  30.80  1.20 ± .12  78 ± 7  0.23 f . 03 
22  39.22  0.3  1 .1  22 1 4 
23
24a  87.94 
14.46 
1.65 1 .16 
2.32 f . 20 
91 ± 8 
34 ± 6 
0.10 ± . 02 
0.23 f . 02 
2.5a.  36.60  1.70 ± .16  105 1 10  0.22 f . 02 Ngawi chondrules 
Meteoritic class LL3 
Chondrule 
number 
Weight 
(mg' 
Al (%)  Fe (%)  Na (p pm )a  Mn (ppm)
a 
Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm)
a 
Ir (ppm) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
0. 180 
0.316 
0.470 
0.560 
0.718 
0.943 
1.240 
1.890 
4.796 
7. 216 
1.13 
1.49 
1.37 
1.37 
1.51 
3.95 
1.48 
1.47 
1.17 
1.43 
12.5 
15.1 
6.0 
13.5 
16.7 
5.4 
10.8 
12.6 
11.8 
12.4 
8060 
10100 
5650 
11340 
9720 
3630 
8500 
9360 
7290 
8690 
2680 
2970 
3780 
2700 
2910 
284 
2870 
2740 
2580 
2310 
1670 
2300 
3760 
2860 
2860 
1960 
3760 
3190 
6400 
3130 
32.8 
16.4 
10.0 
18.4 
11.7 
27.6 
9.5 
15.5 
12.0 
12.8 
86 
112 
136 
22 
125 
381 
73 
42 
102 
162 
0 
160 1 14 
81 f 8 
17 ±. 1 
0 
46 ± 5 
49 f 10 
0 
6 ± 9 
8 f 11 
0.02 ± . 01 
0.12 f .03 
0.13 = . 03 
0.01 ± . 03 
0.07 ± . 05 
0.61 ± . 06 
0.31 ± .06 
0.0 ± . 03 
0.02 ± . 02 
0.04 ± . 04 
Chondrule 
number 
Weight  Ca (%)  V (ppm)  Ni 
6 
9 
10 
0.943 
4.796 
7. 26  2.4 ±.1  160 ± 10 
0.80 f . 06 
0.17 ± . 02 
0.26 ± . Q2 
aSchmitt and Smith (1965b) Soko Banj a chondrules 
Meteoritic class LL4 
Chondrule  Weight  Si (%)
a 
Al (%)  Fe (%)  Na (p pm )a  Mn (ppm)a  Cr (ppm )  Sc(ppm)  Co (ppm)  Cu (ppm )2  Ir (ppm) 
number  (mg) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
17A 
c 
17Bc 
18 
19 
20 
21 
0.80 
1.388 
1.388 
1.519 
1.546 
1.546 
1.552 
1.730 
1.766 
2. 296 
2.575 
3.330 
3.582 
3.650 
4.700 
5.054 
6.002 
4.964 
1.038 
7.420 
10.85 
11.46 
23.90 
24.7 
24.5 
25.5 
22.3 
2S.6 
23. 2 
23.6 
21.5 
1.53 
1.41 
1.63 
1.17 
1.45 
1.04 
1.46 
1.35 
1.19 
1.45 
1. 13 
2.56 
1. 23 
1.28 
1.23 
0.76 
1.20 
1.22 
0.93 
1.17 
1.98 
14.6 
17.4 
17.4 
14.0 
14.0 
10.9 
14. 1 
16.3 
6.7 
10.8 
18.6 
16.1 
12.4 
14.8 
12.1 
14.9 
14.3 
13.6 
17.8 
13.3 
12. 5 
a 
12.7a 
13.6a 
10100b
1720 
7310 
7330b
8360 
6920
b 
8970
b 
12330
b 
4650
b 
6950
b 
7490 
7060 
7970b
16000 
8400 
5670 
8090 
8180 
5830 
7970 
11970 
2630
b
2070 
2740 
2680
b
3310 
3530
b 
3080
b 
3920
b 
2120
b 
2510 
b 
2910 
2940 
2760
2600a, b 
2690 
2760 
2560 
2610 
2760 
2620 
2290 
3120 
4340 
16350 
3000 
4460 
2300 
5530 
3140 
2050 
2890 
3040 
4750 
3160 
2190 
2950 
2690 
3610 
3600 
3640 
4830 
1640a 
3570a 
4280a 
15.6 
9.5 
6.8 
12.4 
6.5 
11.9 
5.6 
11.9 
5.0 
12. 2 
30.3 
10.8 
8. 1 
12.2 
13.3 
9.3 
21.3 
24.0 
8.2 
7.8 
9.1a 
8.5a 
16.7a 
18 
234 
90 
21 
425 
152 
63 
52 
14 
21 
25.4 
16.8 
43 
16 
35 
97 
28 
24 
43 
243 le 
68a 
110a 
73 1 23 
91 1 35 
52 f 2 
24 ± 3 
160 ±35 
38 ± 6 
51 f 13 
143 ± 32 
34 f 11 
119 1 2 
65 ± 20 
73 ± 10 
50 1 14 
1.0 1 1.6 
0.21 ± . 04 
2. 3 ± . 2 
0.05 f .02 
0.20 ± . 02 
0.76 f .07 
0.10 ± .02 
0.04 ± .02 
0.06 ± .02 
0.02 ± . 02 
0.03 ± . 01 
11.4 ± .4 
0.02 ± .02 
0 + . 01 
0.03 1 . 01 
0.05 ± .02 
0.03 f . 01 
0.02 1 .01 
0.10 ± .03 
8.5 1 .3 
aSchmitt and Smith (1964a) 
bValues by this author 
cTwo fragments of chondrule #17 Soko Banj a chondrules 
Meteoritic class LL4 
Chondrule 
number 
Weight 
(mg) 
Ca (%)  V (ppm) 
9 
19 
20 
21 
22 
1.766 
10.85 
11.46 
23.90 
37.91 
1.01 ± .05 
2.25 1.09 
1.22 #.08 
4.51 1.21 
123 1 10 
9 12 
31 
149 1 10 Olivenza L1.5  
Chondrule  Weight  Si ( %)  Al (%)  Fe(%)  Na (ppm)a Mn (ppm)a  Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm)a  Ir (ppm)  
number  (mg) 
1  0.235  3.33  9. 2  18500  1950  4060  27.2  162  70 f 40  0.33 1 .02 
2  0. 256  1.48  15.5  9120  2730  1650  15.1  49  40 ±30  0.03 ± . 01 
3  0.369  2.18  14.7  12500  2360  1240  22.7  238  90 1 20  0.09 ± . 09 
4  0.428  1.78  14.1  9270  2730  3910  7.6  139  35 ± 19  0.12 f . 07 
5  0.638  1.65  15.1  9600  2560  3330  9.5  108  37 ± 18  0.31 ± . 03 
6  0.668  10.7  8760  2840  .2460  20.9  150  31 ± 10  0.05 f . 03 
7  0.702  0.39  13.9  7960  2670  2960  7.8  154  25 1 70  0.10 ± . 03 
8  0.705  1.40  13.1  7710  2780  2610  40. 2  73  0.09 f . 03 
9  0.742  0.54  14.4  9150  2700  3010  8.5  108  2 ± 10  0.15 + .03 
10  0.794  0.46  15.2  9080  2480  1790  14.9  145  12 f 7  0.14 f . 05 
11  0.822  1.05  9.8  6330  2780  1500  36.1  69  9 1 6  0.05 ± . 03 
12  0.974  1.30  13.6  7120  2600  1300  13.6  45  40 f 12  0.14 ± . 03 
13  1.210  29.3  1.22  11.0  7240  2620  1920  22.9  83  SO 1 9  0.09 f . 03 
14 
15 
16 
17 
1.28 
1.556 
1.995 
2.210 
22.4 
23.2 
26.1 
25.4 
1.45 
1.40 
0. 61 
1.21 
15.9 
15.3 
6.3 
14.2 
8470 
7330 
8080 
7020 
2800 
2650 
2630 
2360 
1960 
3200 
2300 
3320 
13.6 
10.4 
6.3 
15.4 
58 
5.0 
79 
149 
2 1 7 
24 ± 10 
40 f7 
55 1 5 
0.07 1 . 02 
0.00 f .03 
0.00 ± . 02 
0.09 1 .02 
18  2.840  25.4  1.36  12.2  8050  2570  1870  28.9  110  52 ± 2  0.07 f . 02 
19  2.956  23.0  1.40  14. 1  8200  2850  2070  18. 6  22  38 f 5  0.01 ± . 02 
20  3. 258  28.3  1.20  10.8  6370  2470  3740  13.7  34  23 ±1.0  0.14 ± 0.14 
21  8.012  26.1  1.06  11.5  7580  2580  2670a  17a  90a  40 1 3 
22  11.52  21.2  0.65  12.6  6470  2370  2460a  12a  130a  51 ± 4 
23  14.52  21.0  0.42  12.4  6760  2740  3000a  23a  120a  55 1 6 
24  22.02  21.2  0.89  16.5  4990  2400  .4470  11.9  273  69 ± 4  0.19 ± . 05 
aValues by Schmitt and Smith (1965a) 
Wt.  Ca (%)  V (ppm) 
24  22.02  2.01  141 Cherokee Springs chondrules 
Meteoritic class LL6 
Chondrule  Weight  Si (%)  Al ( % )  Fe (%)  Na (ppm )2  Mn (ppm )a  Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm )a  Ir (ppm) 
number  (mg) 
1  2.082  1.18  15.9  6750  2900  990  13.0  41  12 ± 6  0.02 ± . 02 
2  2. 528  1.52  16.3  8170  2900  6230  4.2  147  10 1 6  0.05 1 . 02 
3  2.804  1.3  12.0  7480  2790  1910  14.8  283  19 f 6  0.07 f .03 
4  3. 104  1.51  13.9  7820  2800  1120  15.9  60  13 ± 5  0.09 f . 03 
5 
6 
4.020 
4.778 
1.11 
1.75 
16.7 
15.4 
5900
b
9480 
2790
b
2820 
1240 
6340 
10.8 
2.2 
140 
126 
30  6  0.09 * . 03 
0.19 f .03 
7  6. 102  1.51  9.0  7150  2660  1380  6.8  104  24 ± 5  0.07 1 . 03 
8  6. 158  1.69  14. 3  8420  2280  10700  3.3  220  41 + 6  0.28 ± . 2 
9  7.440  1.32  13.5  6950  2630  2570  10.8  252  36 + 5  0.09 ± . 01 
10  7.720  1.25  12. 1  6660  2650  1300  13.2  91  24 + 6  0.09 *.. 02 
11  7.800  1.35  10.5  7180  2530  2720  16.7  134  36 1 6  0.09 f .02 
12 
13 
14 
9.090 
10.50 
10.60 
25.2 
17.3 
29.6 
1.60 
1.22 
1.81 
13.4  8050 
8 WO 
b 
10973b 
2490 
3700
b 
4580
b 
2030  21.0  258  33 1 8  0.54 f .05 
15  11.30  20.5  0.94  18.3  5650  2750  4870  10.0  160  29 f 6 
16  12.30  18.6  1.13  17.5  7780  2750  6190  3.5  68  11 ± 5 
17  15.64  1.32  15.4  7930  2510  1300  11.7  162  50 f 7  0.21 ± . 02 
18 
19d 
20.45 
35.06  21.0 
0.54 
1.11 
16.4  5120b
6790 
2590 
3330b 
6020  6.0  150  26 f 3 
20  46.45  16.4  1.06  18  5380  2160  5230  2.9  70  19 14  0.02 f .02 
21 
22 
23c 
70.80 
199.2 
16.0 
20.5 
20.3 
1.72 
1.25 
16.6 
15.9 
7920
b
6640 
13
5680 
2000
b
2020
b 2730 
2210 
2960 
14.6 
15.4 
497 
125 
43 1 10  0.14 f . 02 
0.10 f .01 
aSchmitt and Smith (1966b) 
bValues by this author 
cComposite samples #23, .84 -2.00 mm. 
dNi  abundance 0.33 ± . 03% Cherokee Springs chondrules 
Meteorite class LL6 
Chondrule  Weight 
number  (mg 
13  10.50 
14  10.60 
15  11.30 
17  15.64 
18  20.45 
19  35.06 
20  46.45 
21  70.80 
22  151.8 
24  30.26 
25  199.2 
26  289.9 
Ca (%) 
4.7 ± .1 
0.68 1.09 
3. 0 ± . 2 
3.7 ± . 2 
1. 1 ± .1 
1.3 ± .1 
4.7 ± . 4 
1. 3 1 .1 
1.4 ± .1 
1.9 ± .1 
1.4 ± .1 
V (ppm) 
155 ± 10 
117 ± 10 
48 120 
192 120 
164 ± 10 
70 ± 15 
151 1 20 
155 ± 10 
150 ± 10 
83 th 10 
53 ± IS 
83 1 10 
Ni (%) 
0.33 ± . 04 
0.92 ± .04 
0.33 1.05 Saratov chondrules  
Meteoritic class IA  
Chondrule  Weight  Si (%)  Al (%)  Fe (%) 
a
Na ( ppm) 
a
Mn (ppm)  Cr (ppm)  Sc (ppm)  Co (ppm) 
a 
Cu (ppm)  Ir (ppm) 
number  (mg) 
1  0.101  1.74  18.2  11600  2740  3100  7.4  372  18 f 36  0.40. ± .02 
2  0.164  1.29  11.7  5000  3450  3310  0.20  20  0.2  0.08 ± .03 
3  0.438  1.69  12.8  10700  2980  4530  8.7  46  27 1 15  0.13 ± .09 
4  0.449  1.30  8.4  8500  3560  4410  10.5  6.1  12 f 12  0.03 1 .01 
5  0.924  1.48  10.2  9450  2340  3810  9.8  5.8  36 ± 10  0.03 ± .01 
6  0.944  1.58  10.3  6630  3200  3920  9.2  50  36 f 10  0.03 ± .04 
7  0.994  1.20  7.4  7960  3460  3510  8.7  5.6  33 19  0.01 ± .03 
8  1.328  20.9  2.19  15.9  6000  2830  2580  11.8  31  71 ± 12  0.33 ± .01 
9  1.430  22.6  1.08  10.7  9020  2990  2910  15.6  3.9  10 1 11  0.02 ± .01 
10  1.592  28.2  1.33  7.  0  2820  3680  10.3  13  37  13  0.1 1 0.1 
11  1.864  25.9  1.6  11.9  9750  3280  3110  11.9  13  20 ± 11  0.11 f .01 
12  1.989  22.6  1.35  15.2  9370  3290  2550  9.4  41  34 f 11  0.10 f .01 
13  2.094  24.5  1.27  16.4  7760  2680  2810  14.2  127  74 ± 6  0. 1 1 .1 
14  2.13  25.6  1.35  15!'  8330  3180  4320a  8a  220a  82 f 6  0.2 ± . 1 
15  2.622  24.5  0.81  15. 6  5270  3050  2450  6.7  108  171 1 8  0. 1511 . 007 
16  2.764  27.0  1.15  9a:  8020  3320  3280a  8a  39a  42 ± 10  0. 1 1 1.0 
17  2.820  24.3  1.20  13.3  8580  3670  4490  7.9  49  44 ±11  0.09 1.01 
18  3.117  28.3  1.29  7. 6  8580  3650  4650  9. 2  16  23 ± 9  0.03 ± . 01 
19  3.515  20.6  1.33  11.1  10300  2990  3520  11.3  12  22 1 9  0.01 f .02 
20  3.834  28.1  1.28  8.  6400  3920  5120 350400  8  4  26 17  0.03 1 . 1 
21  5.092  24.2  1.10  11.6  7850  3320  11.6  51-.1 2  56 18  O. 17 1 . 01 
22  6.436  30.0  0.80  8.7  8200  3520  3880  8.7  6.3  46 1 7  0.02 ± .01 
23 
24 
25 
6.992 
13.75 
16.09 
20.9 
b 
25.1b
b
22. 6 
1.22 
1.28 
1.04 
15.2 
14. 
19.9 
8920 
8050 
8600 
2760 
3380 
2660 
2940 
4080 
3980 
8.4 
6 
10.7 
123 
47 
400 
87 ± 14 
46 1 9 
67 ±9 
0.11 ± . 01 
0.02 1 .02 
0.18 ± . 06 
a
Schmitt and Smith (1965) 
Values determined by this author Tennasibn chondrules 
Meteoritic class IA 
Chondrule 
number 
Weight 
(mg) 
Si ( %)1 Al (%)  Fe (%)  Na (ppm )a  Mn (PPrn)a  Cr (PPm)  Sc(PPm)  Co (PM)  Cu(1)Pm)a  (PPm) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22
c 
0.160 
0,228 
0.278 
0.298 
0.448 
0.586 
0.644 
0.674 
0.710 
0.714 
0.736 
1.164 
1.308 
2.176 
2.586 
3.026 
3,454 
3.916 
5.75 
6.468 
12.60 
87.94 94 
29.6 
26.2 
17.3 
24.2 
25.3
b 21.9 
23. 3
b 
1.75 
1.45 
0.0 
0.50 
1.62 
1.65 
0.93 
0.00 
0.88 
1.09 
0.87 
1.02 
1.40 
1.14 
2. 12 
0.09 
1.35 
1.28 
1.50 
1.38 
1.01 
9.7 
9.2 
74. 
11.8 
54.5 
15.2 
26.6 
15.2 
78. 
5. 2 
12.9 
13.0 
29.0 
9.5 
15.9 
9.8 
78. 
29. 
11.0 
4,7 
12.3 
30.0 
10150b 
5390
b 
420% 
5000 
3950 
10600 
9050 
7780 
540 
5040 
6290 
5460 
b
45001 500 
9470b 
8220' 
7530 
500 
7190 
8840 
10200 
9770 
5660 1 
3160b 
26.93 
198 b
2380 
1180 
2700 
2940 
2750 
23S 
3170 
3140 
3140b
3260 
3070b 
2890b 
4080 
130 
2160 
2700 
3780 
2610 
2880b 
5330 
3520 
1030 
4490 
2040 
4850 
4200 
3930 
770 
1890 
3870 
3940 
4310 
4490 
3190 
4820 
580 
3580 
3840 
1970 
3630 
4140 
11.9 
8.7 
2.2 
11.2 
2.9 
31.6 
11.5 
9. 2 
4.7 
6.1 
8.8 
7.0 
6.6 
8.9 
7.2 
7.7 
0.5 
10.5 
9.5 
4.8 
12.3 
8.1 
7 11 
157 
5490 
29 
3450 
102 
121 
340 
2610 
5 
57 
147 
1290 
.13 
290 
42 
4870 
1320 
77 
7.8 
26 
1450 
10 120 
350 140 
220 ± 20 
35 ± 10 
55 112 
44 ± 9 
350 ± 30 
5 18 
41 ± 10 
32 1 6 
26 ± 5 
380 ± 20 
85 ± 6 
22 14 
15 ± 4 
614 
0 ± . 03 
0.06 ± .03 
0.95 1.08 
0.06 1.03 
11.3 ± . 3 
0.01 ± .03 
0.02 1.02 
5.3 ± . 2 
0.01 ± .01 
0.05 ± . 02 
0.40 1.04 
0.86 1.07 
0 . 0 1 . 0 1 
0.50 1.04 
0.02 ± .02 
0.03 1.03 
0.01 1.01 
O. 0 * . 04 
0.61 1.05 
aSchrnitt and Smith (1966a)  Values by this author 
cComposite sample  0. 84-2. 00 mm 
20 
21 
22 
Weight 
6.468 
12.60 
87.94 
Ca (90 
1.9 1.1 
2.801 .1 
0. 831 . 08 
V (ppm) 
124 110 
143 19 
102 18 
Ni (%) 
2. 6 ± . 1 Al Rais chondrules 
Meteoritic class C2 (Type II) 
Chondrule  Weight  Si (%)  Al (%)  Fe (%)  Naa(ppm)  Mna(ppm)  Cr (ppm)  Sc (ppm)  Co (ppm)  Cua
(ppm)  Ir (ppm) 
number  (mg) 
1  0.535  20.0  1.19  7.3  680  1120  3140  11.9  366  70 1 12  17.5 ± . 4 
2  0.678  21.9  1.28  8.9  1290  4590  5090  13.7  90  83 1 8  0.14 ± . 01 
3  0.692  21.6  0.97  9.6  980  3620  6280  12.5  39  164 ± 37  0.19 1 . 01 
4  0.722  23.1  0.62  7.4  510  2270  5670  8.3  212  36 1 8  0.05 ± . 01 
5  0.885  19.0  1.78  5.7  870  1330  2670  20.3  111  46 ±4  0.33 ± . 03 
6  0.969  22.0  1.17  9.7  980  2610  5470  11.5  131  46 1 2  0.12 1 .01 
7  1. 004  21.3  2.24  9. 2  1540  1640  3380  13.9  214  68 ± 5  1.96 f . 09 
8  1.256  16.6  1.54  19.0  640  1750  3860  14.4  603  101 ± 4  0.77 ± . 07 
9  1.736  18.6  1.67  17.6  1070  1370  3810  11.3  425  68 1 9  0.34 f . 03 
10  1.843  20.9  1.17  7.0  720  2060  4840  13.8  150  50 1 1  O. 16 1 . 02 
11  1.914  19.3  1.04  15.4  800  2050  4590  7. 6  562  46 1 1  0.43 ± . 01 
12  2. 252  21.0  1.34  7.3  820  1810  4400  15,  291  91 ± 18  0.62 f . 05 
13  2.300  26.0  0.98  7.4  850  2720  5060  9.7  180  73 f 10  0.29 f . 03 
14  2.340  22.2  1.33  14.5  650  980  3530  12.5  586  40 1 1  0.42 1 .03 
15  2.385  23.8  1.05  7.8  720  4730  7580  8.4  136  58 ± 4  0.17 ± . 02 
16  2.435  23.0  2.31  11.0  1780  1930  4040  11.0  440  47 1 9  0.33 f . 03 
17  2.438  24.9  1.10  7.3  1050  2580  4340  10.8  85  87 1 7  0.10 ± .01 
18  2.672  2.4  0.00  78.  97  119  2790  0.00  2660  81 1 8  1 1 1 
19  4.326  17.0  0.60  13.9  800  1190  1860  1.3  425  91 f2  0.12 1 .01 
20  23.50  17.3  1.24  20.4  1290  2990  5100  9.9  673  77 1 4  0.05 1 .03 
aSchmitt and Smith (1964a) 
Chondrule  Weight  Ca (%)  V (ppm) 
number  (mg) 
20  23.50  1.08  114 Mighei chondrules 
Meteoritic class C2 (Type II) 
Chondrule  Weight  Si ( %)b  Al (%)  Fe ( % )  Na (ppm )a  Mn (ppm )
a 
Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm )a  Ir (ppm) 
number  (mg) 
1  0.097  19.9  2.51  4.7  690  650  3660  10.3  24  41 ± 3  0.21 f . 02 
2  0.118  16.6  0.93  1120  1000  60 ± 4 
3  0. 122  20.7  2. 11  2.8  420  520  1680  24.8  32  18 ± 2  0.58 ± . 06 
4  0.146  19.1  0.81  1060  1360  101 ± 4 
5  0.164  21.2  1.81  11.5  1980  2370  8540  27.4  123  83 f 4  0.76 ± .07 
6  0.220  16.5  1.50  7.3  1220  1100  3660  35.5  65  29 ± 2  0.93 f .09 
7  0. 297  19.2  0.52  2.14  390  430  600  14:0  41  13 ± 1 
8  0. 327  20.4  1.23  750  1450  65 f 3 
9  0.349  18.9  1.02  2.14  310  490  600  11.0  41  27 f 2  0.24 ± .02 
10  0.374  22.2  1. 69  67.5  670  1220  3860  24.2  24  29 ± 2  0.83 ± . 07 
11  0.457  18.9  1.35  6.4  670  1070  6930  19.8  14  17 ± 1  0.43 ± .04 
12  0.466  21.0  0.92  1160  1780  25 ± 2 
13 
14 
0.492 
0. 643 
18.0 
19. 1 
2.49 
0.83 
8.5 
7.
a 
1030 
940 
3420 
1170 
8230 
3810
a 
22.8 
14 
a 
49 
200a 
70 ± 4 
160 f 5 
0.36 ± . 04 
15  0.839  19.8  1.77  5.9  1420  1390  3720  59 ± 3  0.10 ± .01 
16  1.234  19.5  1.00  6.2  880  1380  2630  23.7  111  49 ± 2  0.45 ± .OS 
17  1.269  17.8  1.41  e  1680  1460  5960a  16.3a  30 ± 10a  30 1 10 
18  1.276  16.6  0.8  4.0  910  830  1370  20  47  O. 10 ± . 01 
19  1.344  19.2  0.75  8.0  580  2940  5790  8. 1  440  57 ± 2  0.65 ± . 06 
20  1.558  14.2  1.96 
18a.  1060  1420  4950a  28.9a  330 
a  100 ± 2 
aSchmitt and Smith (1964b) 
b Schrnitt and Smith (1965a) Murray chondrules  
Meteoritic class C2 (Type II)  
Chondrule  Weight  Si ( %) 
a 
Al (%)  Fe (%)  Na
a  Mn
a 
Cr  Sc  Co  Cu 
a  Ir 
number  (mg) 
1  0.080  17.7  0.35  11.6  370  1030  4300  43.0  5.9  0.10 ± . 02 
2  0.081  21.5  2. 17  11.5  620  1680  5380  43.8  60  146 ± 3 
3 
4 
5 
0. 111 
0. 138 
0.271 
28.0 
24.6 
20.0 
1.46 
1.28 
1.42 
9.6 
12.4 
1090 
570 
970 
3840 
1310 
2150 
4580 
4690 
12.6 
8.5 
88 
290 
142 ± 3 
163 f 3 
91 ± 2 
0.48 f . 03 
0.33 1 .05 
6  0.344  21.0  1. 10  8.0  420  1330  3660  14.3  165  1.38 1 .03 
7  0.476  19.7  0.87  6.1  320  1260  3240  15.9  13. 3  53 ± 6  0.06 ± . 03 
8 
9 
0. 645 
0.896 
16.9 
19.5 
0. 62 
1.13 
10.0 
9.9 
240 
480 
1860 
760 
2760 
4420 
7 . 0 
17.3 
40 
34 
27 1 1 
95  f 43  5.9 ± 1.4 
10 
11 
12 
13 
1.535 
1.529 
1.568 
1.776 
20.9 
21.3 
24.4 
20.3 
0.81 
0.71 
0. 60 
2.31 
9.4 
9.1 
5.7 
14.9 
610 
670 
370 
1170 
890 
2280 
1820 
1000 
2930 
2890 
4590 
5040 
12.0 
10.2 
8.1 
16.8 
359 
691 
240 
295 
52 ± 6 
121 ± 9 
42 ± 1 
52 1 9 
0.79 ± . 03 
1.10 =.06 
O. 19 f .03 
0.38 1.05 
a Schmitt and Smith (1964a) Renazzo chondrules 
Meteoritic class C2 (Type II) 
Chondrule  Weight  aSi (%)  Al (%)  Fe (%)  Na (ppm)
b 
Mn (ppm)b  Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm)  Ir (ppm) 
number  (mg) 
1  0.704  2.82  14.5  12110c  2950c  3420  20.5  147  0.07 ± .01 
2  0.952  0.8 & . 8  0  75.  243  3560  2520  O.  2800  69 ± 12  0.6 ± . 1 
3  1.300  20.4  1.35  19.  2820  3220  3750  6.9  450  146 ± 5  0. 2 ± . 2 
4  1.676  11.9  2.10  6.0  3470  1190  2420  6.0  420  81 1 5  0.60 1 . 05 
5  1.856  0.89  2.8  1690c 
590c 
1700  7.4  31  0.65 ± .06 
6  2.172  1.35  14.0  4220c  3240c  3010  7.9  316  0.20 ± . 02 
7  2.402  1.25  69.  4060c  c
3090  19620  5. 2  266  0.30 ± .11 
8  2.482  17.7  1.90  2.78  1320  1380  3890  2.8  136  39 1 12  0.08  ± . 02 
9  2.632  1.35  40, 0  4680c  1760c  3590  7.0  1040  0.41 ± . 04 
9A  1.500  1.52  10.8  5570c  3060c  3850  9.7  218  0. 14 ± . 03 
9B  1.132  0  78.  3518 5  37c  3280  3. 5  2130  0.77 1 . 09 
10  3.106  1.09  20.3  7770
c 
1150
c 
2780  6.2  645  0.77 ± . OS 
11  3.162  0.9  0  94.0  112  2010  105  0  2420  100 ± 4  O. 15 f . 05 
12  3. 200  12.2  0.24  35.7  1450  1430  2180  1.88  1020  77  2  0. 21 ± . 05 
13  3.312  1.18  19.6  5830c  1400c  2590  3.67  670  0.29 ± . 01 
14  4.724  11.4  0.77  46.  1770  1330  3260  4.  1330  32 ± 3  0.4  ± . 1 
15 
16
1 
14.86 
103 
15, 8c  1.70  35.1 
34.9 
1590 
1690 
1040
b
1360b 
5540
b
4580 
15.0
b 7.3b 
1120 
710b 710 
62 ± 2 
45 ± 5 
0.02 ± . 01 
a Schmitt and Smith (1965a) 
b Schmitt and Smith (1964b) 
cValue by this author 
Weight  Ca (%)  V ippm) 
15  14.86  2.8  . 1  300 ± 15 Santa Cruz chondrules 
Meteoritic class C2 (Type II) 
Chondrule  Weight  Si (%)a  Al (%)  Fe (%)  Na (ppm)a  Mn (ppm)a  C.r (ppm)  Sc (ppm)  Co (ppm)a Cu (ppm)a  (PPm) 
number  (mg) 
1  0.102  22.3  1.40  7.8  790  1670  5590  19.9  19  0 ± 20  0.14 ± .03 
2  0.309  22.8  1.04  8.7  870  1170  4980  15.9  94  36 ± 7  0.22 ± . 02 
3  0.291  17.2  0.91  8.4  910  1190  6300  9. 2  183  110 1 30  0.52 ± .09 
4  0.328  22.4  0.40  4. 6  470  790  3710  8. 1  62  23 ± 20  0.17 f .02 
5 
6 
0.564 
2.33 
18.7 
15.9 
0.66 
1.18 
8.1 
17a. 
1210 
1470 
1300 
1320 
4120 
4250a 
11.7
le 
137 
750a 
79 1 1 
43 1 5 
0.45 1 .04 
7  3.54  15.5  0.97  1'4. 0  1360  1250  2750  9.1  800  43 1 12  0.01 ± .1 
aSchmitt and Smith (1964a) Kaba  
Meteoritic class C2 (Type III )  
Chondrule  Weight  Si ( %)  Al (%)  Fe (%)  Na (ppm)
a  Mn (ppm)
a  Cr (ppm) Sc (ppm)  Co (ppm)  Cu (ppm )a  Ir (ppm) 
number  (mg) 
1 
2 
3 
0.446 
0. 118 
0.311 
7.72 
1.38 
1.43 
4.2 
12.2 
5.0 
11500 
10000 
4100 
1580 
2030 
1110 
71 
4100 
4640 
13.1 
10.0 
9.4 
16 
493 
440 
140 f 90 
9 1 70 
101 ± 37 
0.00 f .01 
0.53 1 .10 
0.57 1.06 
4  0.410  1.02  3.6  1390  490  2080  7.0  116  48 f 20  0.17 ± .04 
5 
6 
0.402 
0.515 
1.04 
1.56 
22.3 
12.3 
2210 
2260 
1130 
1000 
6070 
2550 
7.7 
11.5 
656 
432 
144 ± 40 
75 f 20 
1. 29 1 . 12 
1.63 1 .10 
7  0. 532  1.61  7.8  2320  810  3080  11.1  240  38 ± 4  0.96 1 . 05 
8  0.570  1.39  12.8  1850  790  3120  12.7  423  67 ± 7  1.10 ± . 10 
9  0. 628  2. 13  16.1  1780  800  5790  13.3  724  68 ± 15  0.81 ± . 09 
10  0.677  4.02  4.9  1420  780  1900  15.5  164  38 ± 7  0.16 ± .03 
11  1.464  1.06  11.4  1720  750  2660  12.2  378  70 f 5  1.17 ± . 09 
12 
13 
1. 669 
1. 748 
1.18  21.3 
12.7 
1540 
3670 
1120 
920 
2960 
4190 
7. 2 
10.1 
745 
440 
155 ± 20 
109 + 13 
0.89 ± . 07 
1.03 f .05 
14  1:886  1.44  16.7  4000  890  3630  7.0  618  118 1 50  1.26 ± .07 
15 
16 
3. 242 
3.862 
1.67 
2.73 
4. 1 
9.8 
3510 
1530 
2860 
680 
4070 
2590 
10.9 
9.1 
91 
518 
24 1 1 
88 ± 1 
O. 18 ± . 03 
0.72 f .07 
17 
18 
5.566 
9.744 
b
16.9 
1.77 
1.07 
9.7 
19.4 
2730 
1470 
880 
720 
3760 
3800 
12.0 
6.1 
343 
530 
67 ± 4  0.48 ± .05 
aSchmitt and Smith (1965) 
bValues by this author 
Chondrule  Weight  Ni (%) 
number 
1  0.446  0.10 ± . 04 
3  0.310  1.46 f.07 
11  0.628  0.84 f .10 Mokoi a chondrules  
Meteoritic class C2 (Type III)  
a	 b 
Chondrule  Weight  Si(%)  Al (%)  Fe (%)  Na (ppm)b  Mn (ppm) Cr  Sc  Co  Cu  Ir 
number  (mg) 
1	  0.350  21.1  8.9  1820  970  2680  25.7  355  75 1 25  2.3 ± . 1 
70 ± 20 2  0.720  21.0  2.46  4400	  710 
13.9  3190  570  5070  9 . 0  590  34 1 21  0.79 ± . 06 3  0.902  21.0  2.83 
d	  8.9  560  0.79 ± . 07 3A 0.721  2.97  13.9	  4980 
9.3  706	  0.77 ± .09 3B
d  0. 181  2.30  13.8	  5420 
5500  1450  3620  10.3  395	  0.74 1 .06 4  0.639  19.9  0.99  7.4 
390  310  1520  9.8  269  5 f 3  0. 11 1 .O1 5  1.342  19.5  1.36  9.8 
1250  4.3  77  9 1 9  0.52 1 .03 6  1.345  19.0  0.70  3.8  2100	  840 
5.7  820	  0.11 1 .05 7  1.48  15.9  1.17  11.6  1280	  230  3570 
93 ± 14  0.79 ± . 05 8	  2.733  17.3  1.49  13.9  2750  740  3350  10.4  570 
490  2640  6.7  710  43 ± 10  0.71 ± .07 9  3.399  19.0  1. 16  25.2  2260 
20.8  1.60  8. 6  1180  680  2720  9.7  390  60 f 10  0.69 f . 07 10  2.968 
11.6  567  113 + 7  0.89 ± .04 11  3.375  15.7  1.48  13.1  1130  940  4050 
18.8  1800  1560  2910  10.4  626	  133 ± 3  0.81 1 .07 12  4.515  19.4  2.00 
780  710  8.6  517  38 ± 13  0.89 ± . 07 13  5. 261  16.4  2.70  14.7  2800 
550  2950  14.4  414  39 ± 8  0.92 ± . 02 14  5.89  20.4  1.92  6.4  1910 
3480  12.7  460  79 1 2 15  8.475  16.2  1.22  9.1  1480  840  
16  17.09  13.6c  1.95  18.9  1450  900  3170  11.5  720  138 ± 2  
17  22.01  18.5c  5.98  8.8  4160  660  3890  10.1  350  92 ± 1  
1320  3290  12.3  140  34 ± 4 18  70.25  19.8'  2.09  14.3  2400 
d  aSchmitt and Smith (1965a) 
b Schmitt and Smith (1964a) 
cValues determined by this author  Two fragments from chondrule #3 
Si (%)  Ca ( %)  V (nom)  Ni ( %) 
7  1.48	  1.91 f .09 
11  3.375	  1.33  ± .06 
14  5.89	  1.04  ± .08 
17  22.01  2. 6 f . 1  260 ± 10  
18  70. 25  2.3 ± . 1  300 t 15  a .  
Allende chondrules  C3  
Mass (mg)  Al ( %)  Fe (%)  Na (ppm)  Mn (ppm)  Cr (ppm)  Sc (PPnl)  Co (ppm)  Ni (%)  Ir (ppm) 
.36700  1.110  8.600  3600.000  750.000  2060.000  8.800  173.000  .390 f.030  0.090 ± .020 
1.07000  1.790  13.700  4100.000  3820.000  9550.000  17.000  64.000  .120 ± .070  0.040 ± .040 
.23000  17.400  5.800  15300.000  360.000  .700.000  117.000  76.000  .130 f .080  5.600 f .200 
2.87000  1.740  7.500  5800.000  720.000  3280.000  13.700  84.000  .140 1.030  0.050 ± .020 
2.32000  1.960  5.900  7700.000  760.000  3090.000  21.300  93.000  .190 ± .040  0.050 ± .020 
.69400  2.030  10.900  6300.000  1530.000  .5630.000  15.700  44.000  .090 f .060  0.660 f .020 
2.41000  1.600  7.300  6300.000  780.000  2820.000  17.400  164.000  .380 ± .040  0.470 f .020 
1.42000  2.450  11.800  7000.000  970.000  4320.000  16.500  442.000  1.150 f .060  0.560 ± .040 
.20900  .730  3.600  2000.000  240.000  1720.000  10.800  43.000  .100 1.020  0.040 ± .040 
.50600  4.410  15.600  10500.000  1260.1)00  4820.000  17.800  606.000  1.480 ± .050  0.450 ± .020 
1.09000  1.230  8.700  5500.000  560.000  2480.000  11.700  184.000  .440 f .020  0.050 ± .020 
.53300  3.580  8.200  11500.000  660.000  3550.000  33.700  198.000  .460 f .060  1.060 ± .040 
1.06000  1.770  15.000  5700.000  2190.000  7130.000  16.200  55.000  .110 ± . 070  .100 ± .020 
2.10000  2.290  9.500  4000.000  920.000  3890.000  17.800  537.000  1.400 ± .030  .720 +.020 
.25600  1.050  13.800  2600.000  1020.000  4590.000  11.700  292.000  .610 ± .030  .470 ± .020 
5.45000  1.790  17.700  7400.000  1620.000  4050.000  13.400  533.000  1.270 ± .080  .170 ± .040 
3.95000  3.640  10.600  3300.000  570.000  2600.000  26.200  408.000  1.060 ± .090  1.700 f .100 
3.84000  2.450  13.200  2400.000  2000.000  6110.000  18.200  50.000  .100 ± .060  .040 ± .040 
15.55000  2.060  13.300  5500.000  2040.000  5460.000  15.600  72.000  .150 1.020  .100 f .030 
19.00000  2.540  16.300  4800.000  690.000  3970.000  18.600  877.000  2.240 1.040  .940 ± .060 
18.19000  9.380  6.000  20400.000  850.000  3080.000  57.100  227.000  .560 ± . 030  .870 f .040 
12.56000  3.700  8.900  2900.000  620.000  3160.000  26.500  481.000  1.280 ± .040  2.200 ± .100 
16.66000  2.400  5.800  10500.000  3670.000  5280.000  16.300  100.000  .220 ± .020  .070 ± .050 
3.70000  3.100  10.800  6900.000  1240.000  4550.000  14.100  397.000  .960 ± .080  .470 ± .040 
4.39000  2.330  7.700  8000.000  1530.000  6930.000  18.700  51.000  .190 ± .060  .980 ± .040 
4.23000  7.400  8.600  9300.000  870.000  5010.000  18.300  371.000  .950 ± .080  .880 ± .040 
4.37000  3.500  6.600  6000.000  710.000  3420.000  27.100  327.000  .840 ± .080  .870 ± .040 
1.97000  1.980  8.900  9200.000  3790.000  6780.000  15.400  73.000  .160 ± .040  .040 f .040 
.70500  .820  9.300  3000.000  740.000  3050.000  13.300  119.000  .230 ± .030  .120 f .020 
.19300  1.860  12.000  7000.000  1020.000  3750.000  21.500  266.000  .640 ± .060  .970 ± .040 
1.60000  2.100  14.200  5500.000  860.000  11480.000  14.200  812.000  2.010±.080  .710 ± .040 Allende chondrules (continued) 
Mass (mg) 
2.10000 
Al (%) 
2.310 
Fe (%) 
9.400 
Na (ppm) 
9800.000 
Mn (ppm) 
1590.000 
Cr (ppm) 
11180.000 
Sc (ppm) 
18.100 
Co (ppm) 
323.000 
Ni (%1 
.810 ± . OSO 
Ir (ppm) 
.280 ± . 020 
. 62100  4.650  12.200  10500.000  690.000  3390.000  40.900  399.000  1.050 1 . 010  2.500 ± .100 
.94800  1.720  10.800  5000.000  820.000  4210.000  12.500  408.000  .880 1 . 090  .710 ±.040 
1.36000  2.200  8.100  8300.000  1130.000  4260.000  20.100  141.000  .290 1 . 050  .330 ± . 040 
.68800  3.930  7.300  3100.000  350.000  4670.000  32.500  59.000  . 120 1 . 050  .070 ±.020 
.80200  .760  4.200  1300.000  330.000  1810.000  14.300  107.000  .260 ± . 020  .020 ± . 020 
1.09000  4.730  5.900  11800.000  1790.000  6350.000  17.100  166.000  .340 ± . 060  .170 ± .040 
4.70000  3.110  9.100  4200.000  880.000  4850.000  23.900  146.000  .370 ±.060  .080 ± .040 
12.18000  5.120  11.700  3300.000  1070.000  3620.000  5.600  520.000  1.320 1 . 030  .400 1 . 040 
.14000  . 610  4.300  1900.000  330.000  1700.000  8.900  38.000  .090 ± . 040  .020 ± .020 
.94900  1.880  13.200  5800.000  1010.000  4860.000  19.500  626.000  1.500 ±.090  1.100 ± . 100 
1.73000  1.950  9.400  3600.000  660.000  2980.000  15.400  230.000  .530 ± . 050  .050 ± .020 
.82800  1.740  8.600  5900.000  830.000  3600.000  15.000  314.000  . 780 ±.080  . 350 1 . 040 
1.44000  .980  6.000  3100.000  540.000  2790.000  9.800  242.000  .540 ±.050  .070 ± . 020 
.47600  4.620  4.100  8700.000  610.000  3250.000  29.600  102.000  .350 1 . 040  1.400 ± .100 
1.20000  .820  12.000  2000.000  1060.000  5620.000  9.100  338.000  .820 ± . 060  .310 ± .040 
.17800  1.300  12.600  4900.000  940.000  3810.000  18,000  431.000  1.040 ± . 060  . 940 1 . 040 
.97300  2.360  7.900  11300.000  1150.000  3960.000  33.000  101.000  200 ± . 070  1.250 ± .040 
2.34000  1.780  13.400  2400.000  2100.000  5870.000  14.200  52.000  .070 1 . 020  .090 ± . 020 
1.22000  2.490  8.600  6600.000  700.000  3280.000  19.300  318.000  .840 1 . 060  1.100 ± . 100 
.33400  1.400  16.800  5400.000  870.000  2610.000  18.800  192.000  .400 ± . 040  .260 ± .200 
1.55000  1.530  8.000  5400.000  2300.000  6390.000  12.800  51.000  .120 ± . 050  .020 ± .020 
1.10000  2.020  11.200  3800.000  960.000  4870.000  15.800  493.000  1.180 1 . 070  .500 ± . 040 
2.21000  1.270  12.000  2700.000  710.000  3570.000  12.900  420.000  1.000 ± . 050  . 240 ± . 020 
5.94000  2.700  9.500  9800.000  1510.000  4490.000  25.900  315.000  .850 ± . 070  .440 ± . 040 
5.36000  1.870  13.000  8100.000  600.000  3690.000  12.600  320.000  .860 ± . 060  . 100 ± .040 
1.13000  .560  4.700  1100.000  380.000  2250.000  10.800  88.000  .180 1 . 020  .035 ± .020 
91.20000 
82.50000 
51.80000 
13.600 
2.500 
1.790 
.370 
10.500 
10.000 
1600.000 
3600.000 
6600.000 
26.000 
1610.000 
2750..000 
210.000 
5240. 000 
58QQ. 000 
133.000 
15.400 
10,800 
7.600 
40.000 
208.000 
.016 1 . 010 
.. 065 ± . 008 
. 44Q ± . 010 
5.800 ± .100 
.040 I.. 040 
.190 ± . 820 
aAll analyses here are by R. G. Warren (1972) Felix chondrules 
Meteoritic class C3 
Chondrule  Weight  Si (%) a  Al (%)  Fe (%)  Naa(ppm)  Mna (ppm)  Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm)a  Ir (ppm) 
number  (mg) 
1  0.150  1.18  8.1  5760  830  2770  8.9  164  130 * 70  0.10 ± . 01 
2  0.160  1.80  12.9  6050  1550  4240  12.4  424  70 1 6  0.62 f . 03 
3  0.184  2.51  13.7  8320  1520  3600  16.0  460  129 ± 9  0.38 ± . 02 
0.186  1.38  10.2  4120  1750  3030  9.9  228  1. 6 ± . 2 
4  0. 208  1.77  9.7  5920  1370  3830  9.5  347  118 ± 15  0.10 ± . 01 
5  0.204  2.04  11.5  3800  650  2300  14.1  394  65 1 5  0.32 ± .02 
6  0.224  3.65  1 6.  8960  1340  3460  22.7  162  66  5 ± 
7  0.222  0.85  7.0  3370  730  2140  6.9  260  79  5  0.46 ± .04 
8  0.235  0.92  14.0  3660  970  4430  7.5  534  111  5 
9  0.252  3.81  9.1  5220  810  2020  25.5  193  138 1 10  1.53  ± .05 
10  0.253  2.74  8.1  4800  1270  4270  15.8  178  44 1 5  0.50  ± . 3 
11  0. 292  2.44  16.1  9840  910  4130  15.5  698  198 ± 10  0.74 ± . 05 
12  0.378  1.80  9.1  4030  1160  3710  25.9  345  89 f 15  0.53 f .05 
13  0.446  1.26  15.8  3560  2210  4340  9.8  480  147 ± 35  0.48 ± . 05 
14  0.514  1.61  11.1  4880  1210  19 412400  13.8  332  141 ± 13  1.15 ± -04 
15  0.534  0.0  61.5  420  128  1.9  3870  1390 f 40  1.03 ± .09 
16  0.618  2.11  14.7  5070  700  2890  12.8  524  182 ± 60  0.88 ± . 08 
17
b 
18b 
19 
20
b 
0.656 
115.4 
39.80 
22.56 56 
19.3c 
19.00 
c 18.3° 
25. 8 
c 
1.84 
1.44 
1.35 
1.69 
11.1 
22.1 
25.3 
21.3 
4650 
4530c 
4080c 
6680c 
1320 
1370c 
1110c 
980c 
4300 
4540 
3800 
4140 
13.4 
11.3 
10. 6 
13.6 
549 
750 
629 
619 
87 ± 5  0.31 ± . 03 
0.84 ± .03 
0.55 1 .05 
0.90 1 . 06 
aSchmitt and Smith (1965b) 
b Composite samples #18, 0. 30-0. 60 mm; #19, 0. 60-0.84 mm; # 20, O. 84-2. 00 
cValues determined by this author Lance chondrules 
Meteoritic class C3 
Chondrule  Weight  Si (%)a  Al (%)  Fe (%)  Na (ppm)a  Mn (ppm)a  Cr(ppm)  Sc (ppm)  Co (ppm)  Cu (ppm)a  Ir (ppm) 
number  (mg) 
1  0.188  2.27  13.0  5510  1520  3670  1.6., 6  210  74 ± 24  0.98 f . 08 
2  0.307  1.42  9.8  4230  900  3580  8.1  145  69 1 4  0.17 ± .D5 
3  0. 290  2.07  9.5  3600  1460  2000  28.3  166  18 ± 14  0.34 1 .04 
4  0.364  2. 69  10.2  6780  910  2580  14.4  135  89 ± 31  1.0  . 1 
5  0.524  20.9  1.74  13.2  5030  1840  3430  28. 6  239  88 ± 18  0.58 ± .03 
6  0.645  4.07  2.3  7580  2180  2210  9.4  72  10 ± 10  0.07 ± .02 
7  1.76  19.9  2.75  6.0  5650  590  4720  16.5  22  108 f 2  1.20 ± . 04 
8  2.094  2.04  15.3  5030  1800  2300  12.6  336  88 1 18  0.64 ± . 04 
9  0.961  0.98  23. 0  7120  2050  3210  6.1  175  20 ± 1  0.28 f .06 
10  1.023  4. 73  7.6  10870  850  2490  32.8  103  55 f 15  0.38 ± .05 
a Schmitt and Smith (1965b) Ornans chondrules 
Meteoritic class C3 
Chondrule  Weight  Si ( %)a  Al (%)a  Fe ( %)  Na (ppm)a  Mn (ppm)a Cr (ppm)  Sc (ppm)  Co (ppm)  Cu (ppm)a  Ir (ppm) 
number  (mg) 
1  0. 175  2.13  9.8  7400  1890  6720  19.8  190  61 ± 22  1.08 1 . 08 
2  0.196  0.80  45.7  3270  850  1170  2.7  198  90 1 38  3.41 1 .10 
3  0.243  1.23  26.0  5040  1370  5360  27. 2  420  70 1 35  0.28 ± . OS 
4  0.243  2.18  19.0  6400  920  3570  12.3  612  106 ± 38  0.86 1 . OS 
5  0.256  2. 26  15.1  5250  1000  5110  14.8  740  78 ± 38  0.65 1 . 03 
6  0.272  1. 12  16.4  4100  1420  4860  12.6  520  140 ± 40  0.16 ± . 02 
7  0.273  2.96  15.2  11200  3930  4820  12.1  504  220 1 20  0.34 1 .09 
8  0.328  3.68  16.4  13900  1240  2010  20,0  632  120 ± 20  3.06 ± 09 
9  0.360  1.37  25.2  4600  2000  5000  12.3  870  250 ± 20  0.21 ± .02 
10  0.450  1.57  6.2  7520  2850  2900  7.0  127  41 ± 13  0.00 ± .06 
11  0.528  1.36  20.1  6400  1430  5340  10.1  880  200 ± 20  0.84 ± . 02 
12  0.538  1.86  10.1  4700  1570  6000  17.7  180  39 1 10  0.50 ± .03 
13  0.595  0.99  19. 7  5410  840  3010  12. 1  810  280 1 30  1.36 1 . 08 
14  0.649  1.17  10.8  4540  2030  3060  13.3  250  56 ± 10  0.14 ± . 02 
15  0.985  1.41  20.4  3430  2170  6450  13.5  830  260 ± 40  0.55 ± .05 
16  1.190  17.1  1.00  34.0  4930  820  3980  12.7  2150  740 1 30  1.9 ± . 2 
17  1. 268  21.5  3.63  7.7  21400  1900  3350  32. 1  440  140 ± 10  0.13 1 .01 
18  1.346  21.5  2.00  15. 6  4820  1150  5670  16.5  770  470 ± 10  0.27 ± . 01 
19  1.446  19.2  1.33  16.7  4620  950  5210  12.7  645  170 ± 10  0.29 ± . OS 
20  1.735  19.3  2.22  17.0  7280  1570  3140  7.3  740  260 ± 20  0.29 ± .05 
aSclunitt and Smith (1965a) Vigarano chondrules 
Meteoritic class C3 
Chondrule  Weight  Al ( %)  Fe ( %)  Na (ppm)a  Mn (ppm)a  Cr  Sc  Co  Cu
a  Ir 
number  (mg) 
1  0.302  1.85  10.7  2030  940  2950  10.4  151  122 ± 5  1.0 ± . 5 
2 
3 
0.352 
0.484 
1.46 
0.98 
14.7 
8.2 
1640 
1420 
660 
670 
2850 
2730 
9.4 
6.0 
214 
181 
153 ± 17 
105 14 
0.40 1 . OS 
0.55 1 .05 
4 
5 
6 
7 
0-.486 
0.638 
0.787 
1.976 
1.69 
6.35 
4.43 
2.21 
11.6 
3.5 
12.8 
11.0 
3300 
8470 
2600 
2320 
880 
930 
1330 
770 
2030 
2360 
1110 
3100 
19.1 
40, 
4.4 
14.8 
110 
49 
160 
500 
39 13 
76 1 16 
81 13 
68 16 
5.1 1 . 1 
1.84 1.05 
0.33 1.03 
O. 72 1.05 
aSchmitt and Smith (1965b) Karoonda chondrules  
Meteoritic class C4  
Chondrule 
number 
Weight 
(mg) 
Si (%)
a 
Al (%)  Fe (%)  Na (ppm )a  Mn (ppm)a  Cr (ppm) Sc (ppm)  Co (ppm)  Cu (ppm)a  Ir (ppm) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
.422 
.622 
.776 
.800 
.804 
.822 
.894 
.962 
1.190 
1.406 
0.938 
1.628 
1.720 
1.276 
1.985 
1.960 
2.338 
5.36 
16.8 
18.3 
16.4 
14.9 
15.8 
0.78 
1.20 
0.54 
0.46 
0.54 
0.77 
2.57 
0.60 
0.53 
2.43 
0.88 
22.5 
1.03 
1.29 
0.48 
1.28 
0.73 
0.81 
25.0 
25.7 
27.2 
25.1 
41.9 
25.9 
21.0 
23.8 
22:0 
18.6 
26.5 
7.8 
23.7 
22.3 
20a 
22.5 
22.8 
21.3 
1350 
1200 
650 
850 
980 
1120 
4720 
1270 
900 
3520 
2390 
1280 
1840 
2540 
2450 
2100 
790 
990 
1350 
1460 
1300 
1550 
1300 
1370 
1240 
1410 
1240 
1070 
1330 
350 
1360 
1300 
1130 
1340 
1250 
1380 
4760 
1970 
3900 
1760 
4100 
4980 
2610 
3120 
3260 
3410 
3640 
12640 
3240 
2600 
4480a 
3700 
2040 
2820 
12.0 
9.6 
10.8 
11.1 
10.7 
13.3 
15. 5 
13.9 
5.9 
12.8 
3.2 
86.8 
15.4 
8.4 
13a . 
9.9 
25.2 
11.4 
840 
460 
1100 
846 
1320 
1280 
302 
876 
1130 
1143 
900 
306 
696 
750 
1230a 
533 
560 
137 1 1 
39 + 6 
300 + 30 
42 + 2 
420 + 10 
178 +8 
104 + 9 
170 ± 13 
270 + 2 
153 + 4 
18953 +: 546 89 
83 + 9 
320 1 10 
208 + 12 
250 + 3 
73 +1 
0.62 
0.48 
2. 10 ± . 09 
0.95 
0.80 
1.04 
1.00 
0.55 
1.08 
1.63 
0.72 
23.9 
0.46 
0.58 
1.17 
0.98 
19 
20 
21 
22b 
23 
24b 
b 
25 
10.28 
11.24 
13.92 
14.04 
100.0 
105.0 
90.8 
15.5° 
15.6 
12.1c 
18.6° 
12. lc 
13. Oc 
4.05 
0.52 
1.30 
0.70 
1.16 
1.10 
1.39 
21.8 
24.5 
29.1 
24.7 
25.6 
23.0 
10100c 
830t 
3180c 
3330c 
1700c 
3000° 
3960c 
1142c 
1380c 
1070c 
1790c 
1110c 
1090c 
1110c 
3060 
4930 
3280 
4460 
4420 
3640 
9.4 
11.8 
12.0 
11.9 
14.5 
9.9 
670 
370 
470 
880 
850 
420 
94 + 2  0.53 + .05 
1.08 
0.25 
1..10 1 .03 
5.00 ± . 06 
0.56 + .07 
aValues by Schmitt and Smith (1964a) 
Composite samples; #23, 0.6 -.8 mm; #24 >0. 8 mm; #25, matrix 
cValues by author Karoonda chondrules 
Meteoritic class C4 
Chondrule  Weight  Ca ( %)  V (ppm)  Ni (%) 
romiber  (mg) 
6  0.822  3.3  ± . 1 
16  1.960  2.87  ± . 07 
19  10.28  4.9  ± . 3  243  ± 15 
22  13.92  2.0 1 . 1  130  ± 10 
23  100.0  2.2  ± .1 
24  105.0  2.1  ± . 1 
25  90.8  0.93  ±.09 2 30  
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APPENDIX II 
This appendix presents the simple and the error weighted means 
for each chondrule set of a given chemical and petrographic class, 
followed by the error weighted correlation coefficients.  The fre-
quency histograms for some elements are presented for selected 
chondrule sets.  For explanation of the means and the PSD of the 
abundances in the tables, see the section on Statistical Considerations. 
Organization of Appendix II  
Significance limits for correlation coefficients  
H3 chondrules  
Tieschitz 
H4 chondrules  
Weston  
Ochansk  
All H4 chondrules  
H5 chondrules  
Allegan  
Forest City  
Miller  
Richardton  
Sindhri  
All H5 chondrules  
Summary of all H chondrules 232 
LL3 chondrules 
Chainpur 
Ngawi 
All LL3 chondrules 
LL4 chondrules 
Soko Banja 
LL5 chondrules 
Olivenza 
LL6 chondrules 
Cherokee Springs 
All LL chondrules 
L4 chondrules 
Saratov 
Tennasilm 
All L4 chondrules 
C2 chondrules 
Al Rais 
Kaba 
Meghei 
Mokoia 
Murray 
Renazzo 
All C2 chondrules 233 
C3 chondrules 
Allende 
Felix 
Lance 
Vigarano 
All C3 chondrules 
Type III - Ornans subgroup 
Type III  Vigarano subgroup 
C4 chondrules 
Karoonda 234 
Significance limits of correlation coefficients. a 
This table gives the correlation coefficients r which have a probability of being exceeded for 
the number of observations N.  For example a Sc-Al correlation of .80 was obtained for a population 
of 6 chondrules, there is a probability of 0. 10 that r > . 729 would be obtained even if Al and Sc 
were unrelated and a probability of . 05 that r >011 even if they were iridependett. 
N  .10  .05  .02  01  .  . 001  .10  .05  .02  .01  .001 
5  .805  .878  .934  .959  991  20.  .378  .444  .516  .561  .679 
6  .729  .811  .882  .917  .974  22  .360  .423  .492  .537  652 
7  .669  .754  .833  .875  .951  24  .344  .404  .472  .515  .629 
8  .621  .707  .789  .834  .925  26  .330  .388  .453  .496  .607 
9  .582  .666  .750  .798  .898  28  .317  .374  .437  .479  .588 
10  .549  .632  .715  .765  .872  30  .306  .361  .423  .463  .570 
11  .521  .602  .685  .735  .847  40  .264  .312  .366  402  .501 
12  .497  .576  .658  .708  .823  50  .235  .279  .328  .361  .451 
13  .476  .553  .634  .684  .801  60  .214  .254  .300  .330  .414 
14  .457  .532  . 612  . 661  .780  80  .185  .220  .260  . 286  .361 
15  .441  .514  .592  .641  .760  .100  .165  .196  .232  .256  .324 
16  .426  .497  .574  . 623  .742  250  .104  .124  .147  .163  . 207 
17  .412  .482  .558  .606  .725  500  .074  .088  .104  .115  .147 
18  .400  .468  .543  .590  .708  1000  .052  .062  .074  .081  .104 
19  .389  .456  .529  .575  .693  00  0  0  0  0  0 
p. 468.  aThis table adapted from Dixon and Massey ( 1957) from Table A-30a. Tieschitz chondrules 
24 chondrules 
Element  Simple mean  Error weighted  Apparent mode 
mean 
mass (mg) 
bsi (%) 
2.42 1 3.45 
12.9 ± .8  20-22 
Al (%)  1.26 1.68  0. 78 ± .84  1. 2 -1.6 
Fe (%)
b Ca (%) 
16.4 ± 11. 7 
1.57 1 .07 
12.5 ± 12. 4  14-18 
1.57 
cNi (%)  0. 67 ± .34  0.8 
Na (ppm)  7510 ± 4280  2780 ± 6440  8000-9000 
Mn (ppm) )  2660 1 1210  1700 ± 1550 
Cr (ppm) 
Sc (ppm) 
3510 1 860 
9.9 ± 3. 6 
3060 1970 
8.3 1 3.9 
3500-4000 
9-12 
Co (ppm)  220 1410  20.3 1460  20-40 
Ir (ppm) 
aCu (ppm)
cV (ppm) 
1.6 ± 6. 1 
2. 2 ± 7.5 
144 ± 20 
0. 21 1 6.3  .. 1 
30-40 
132 
a21 samples 
b
4 samples 
c3 samples Correlation coefficients for Tieschitz 
24 chondrules 
Ir  Co  Sc.  Cr  Mn  Na  Fe  Al 
Wt  0  0  0  0  0  -.16  0  -.34 
Al  -.17  0  .67  22  0  .69  0 
Fe  .90  .88  -.51  0  0  0 
Na  0  0  .57  0  .57 
Mn  0  0  0  .61 
Cr  -.33  0  0 
Sc  -.51  .24 
Co  .90 Ochansk chondrules H4 
18 chondrules 
Simple  Error weighted  Apparent 
mean  mean  mode 
Mass (mg)  3. 25 ± 2.56 
Si (%)  24.1 ± 1. 1 
Al (%)  1.57 ± 0.64  1.03 10.85  1.4 -1. 6 
Fe (%)  9.8 * 3. 2  8.3 ± 3.6  10-12 
Ni (%)  0.32 ± 0.21  0. 23 ± 0. 24  0.23 
Na (ppm)  8340 ± 3540  6540 1 4000  7000-8000 
Mn (ppm)  3030 ± 280  2980 ± 280  3000-3200 
Cr (ppm)  3030 ± 1070  2190 ± 1380  1000-2000 
Sc (ppm)  14.9 ± 5- 3  12.4 ±5.9  8-12 
Co (ppm)  43 ± 63  8 ± 73  20-70 
Ir (ppm)  O. 20 ± 0.41  0.06 1 . 44  >0. 10 
Cu (ppm)  56 ± 25  30-60 Weston chondrules H4 
14-16 chondrules 
Simple  Error weighted  Apparent 
mean  mean  mode 
Mass  1.56 f 0.73 
Si (%)  24.7 f 0.8 
Al (%)  2.14 ±1.33  1.07 f 1.78  1.2-1.6 
Fe (%)  9.6 ± 3.3  10.8 f 3.5  6-8, 12-14 
Na (ppm)  6820 # 3640  4840 f 4180  5000-6000 
Mn (ppm)  1970 ± 790  1000 ± 1280  1820-2000 
Cr (ppm)  4470 f 1720  3430 f 2030  2000-4000,  5000-6000 
Sc (ppm)  14.8 ±9.8  7.5 ± 12.3  8-12 
Co (ppm)  85 f 140  24 ± 153  10-50 
Ir (ppm) )  0.21 ± O. 29  0.05 f . 33  e.10 
Cu (ppm)  42 t 24  31 f 27  20-40 Summary of H4 chondrule abundances 
32 chondrules 
Element 
Mass (mg) 
a 
Si (%) 
Al (%) 
Fe (%) 
bNi 
(%) 
Na (ppm) 
Mn PP1n) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (ppm) 
c 
Cu (ppm) 
a19 analyses 
b 6 analyses from Ochansk  
c25  analyses 
Simple 
mean 
2.33 f 2.22 
24.7 
1.8 f1.0 
9.7 ± 3. 2 
0.32 f . 21 
7670 ± 3610 
2560 f 770 
4670 ± 1540 
14.8 ± 7.4 
85 f 14 
0.20 ± .36 
47 f 20 
Error weighted  Apparent 
mean  mode 
24-26 
0.9 ± 1.4  1.4-1.8 
9.7 ± 3. 2  7-9 
0.23 f . 24  0. 1-.3 
5620 ± 4170  5000-6000 
2050 ± 930  3000-3200 
2530 ± 1920  2000-3000 
11.5 f 8.1  10-12 
22 ± 11  Z50 
0.05 f . 39  0.04 -. 06 
20-40 Correlation coefficients for Ochansk 
18 chondrules 
Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
-.33 
.71 
0 
.81 
-.55 
0 
0 
0 
0 
0 
0 
.69 
.34 
.78 
-.48 
0 
.48 
.62 
.35 
0 
0 
-.35 
0 
-.38 
-.46 
.86 
0 
0 
.31 
-.38 
Cr  0  0  0 
Sc  65  0 
Co  .30 Correlation coefficients for Weston chondrules 
14 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al  Si 
Wt 
aSi 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
.67 
0 
.71 
-.79 
0 
0 
.72 
0.54 
0 
0 
.54 
0 
.65 
0 
0 
0 
0 
0 
0 
.51 
0 
.82 
0 
0 
.57 
0 
0 
.53 
0 
.57 
0 
.45 
0 
0 
0 
0 
0 
.44 
0 
0 
0 
0 
0 
0 
0 
.71 
0 
0 
.76 
-.44 
0 
0 
0 
aCorrelations of Si based only on 9 values Correlation coefficients for all H4 chondrules 
32 chondrules 
aCu 
Ir  Co  Sc  Cr  Mn  Na  Fe  Al  Si 
Wt 
bSi 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
0 
o 
.67 
0 
.71 
-.79 
0 
0 
.72 
-. 27 
o 
.58 
0 
.72 
0 
0 
.43 
.30 
0 
0 
.43 
0 
.44 
0 
0 
.46 
0 
0 
.56 
0 
.64 
.39 
.40 
0 
0 
.43 
0 
0 
.39 
0 
0 
0 
0 
.31 
0 
0 
.67 
0 
0 
.76 
-.26 
-. 28 
0 
0 
Ir  . 54 
aCu based on 14 chondrules from Weston 
b Si based on 9 chondrules from Weston Allegan. chondrules H5 
19 chondrules 
Element  Simpl e 
mean 
Error weighted 
mean 
Apparent 
mode 
Mass (mg) 
Al (%) 
Fe (%) 
aNa (ppm) 
Mn (PPnl) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (ppm) 
aCu (ppm) 
1.26 ± .74 
1.38 ± .44 
12.8 ± 6.8 
7660 ± 2380 
2960 ± 190 
2890 ± 740 
10.7 ± 2. 2 
59  38 
0.17 ± .11 
34 f 19 
1.34 ± .44 
7.7 ± 8. 6 
6490 A 2670 
2950 ± 190 
2600 ± 790 
9.2 ± 2. 6 
89 ±49 
0.09 f . 15 
34 f 19 
1. 2 -1.4 
10-12 
7000-8000 
2800-2900, 
2000-3000 
3100-3200 
a 
Average of 12 chondrules Forest City chondrules H5 
19 chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Mass (mg) 
Al (%) 
Fe (%) 
Na (ppm) 
Mn ( ppm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (ppm) 
Cu (ppm) 
2.29 11.70 
1.22 ± .46 
15.2 ± 5.4 
7300 ± 2700 
2830 1 250 
2920 -± 930 
9.9 1 1.7 
34 1 26 
0.17 1 .42 
23 ± 19 
0.73 ± 66 
13.3 15.7 
5850 * 2710 
2830 1 250 
2530 ± 1010 
9.8 1 1.7 
14 133 
0.08 1 .42 
18 ± 20 
1.2-1.4 
10-11 
8000-9000 
2600-2900 
3000-3200 Miller chondrules HS 
17 chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Mass (mg)  2.38 ± 1.90 
Al (%)  1.93 ± 1.23  1.09 ± 1.16  1. 2-1. 4 
Fe (%)  20.3 ± 12.1  9.68 ± 16.3  9-10 
Na (ppm)  9370 ± 4480  7480 ± 4880  8000-9000 
Mn ( Nun)  2470 1 620  2650 ± 420  2600-2700 
Cr (ppm)  1820 ± 640  3150 ± 2770  1600-1800 
Sc (ppm)  11.4 ± 5.9  8.5 ± 6.7 
Co (ppm)  89 ± 89  72 ± 91 
Ir (ppm)  0.40 1 1.82  0.02 ± 1.89 
Cu (ppm)  43 ±23  37 ± 24 Richardton chondrules H5 
16 chondrules 
Element 
Mass (mg) 
Al (%) 
Fe (9c  
Na (ppm)  
Mn ( ppm)  
Cr (ppm)  
Sc (ppm) 
Co (ppm) 
h' (ppm) 
Cu (ppm) 
Simple 
mean 
2.18 1 2.66  
1.93 ± 1.23  
11.1 14.1  
8770 ± 4690  
2920 ± 320  
4450 1 2420  
10.3 12.4  
39 124  
0.18 1 .14  
47 125  
Error weighted 
mean 
1.39 ± 1.35  
8.0 15.2  
6060 + 5460  
2650 ± 420  
3150 12770  
9.7 t 2.5  
77 ± 40  
0,07 ± .02  
34 ± 28  
Apparent 
mode 
1. 6-1. 8  
9-10  
7000-8000  
3000-3100  
3600-4000  Sindhri chondrules 
18 chondrules 
Simple  Error weighted  Apparent 
mean  mean  mode 
Mass (mg)  1.30 ± .93 
Al (%)  1.46 f .37  1.07 f . 54  1.4 -1. 6 
Fe (%)  11.1 f 4. 1  9 . 7 ± 6. 8  9-10 
Na (ppm)  8110 ± 1100  7750 f 1160  7000-8000 
Mn (PPnl)  2950 ± 170  2950 ± 170  3000-3100 
Cr (ppm)  3630 ± 180  2660 f 2010  3200-4000 
Sc (ppm)  10.3 ± 2.4  9.8 ±1.9 
Co (ppm)  46 ± 34  54 f 35 
Ir (ppm)  0.08 ± .06  0.07 f .06 
Cu (ppm)  23 ± 17  17 f 18 Summary of H5 chondrule abundances 
89 chondrules 
Element 
Mass (mg) 
a 
Si. ( %) 
Al (%) 
Fe (%) 
Na (ppm) 
Mn (ppm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (ppm) 
b 
Cu (ppm) 
a26 analyses 
b81 analyses 
Simple 
mean 
1.87 f. 1.73 
26.0 ± 3.5 
1. 5 1 0.8  
14.5 1 7.8  
8200 1 3220  
2830 ± 380  
3630 f 1750  
10.5 ± 3. 1  
53 1 51  
0.26 1 .97  
34 1 23  
Error weighted 
mean 
1. 1 1 0.9  
9.05 .± 9. 55  
6590 ± 3610  
2950 f 170  
2660 ± 2010  
9.56 ± 3. 27  
35 f 54  
0. 09	  .88  
23 1 25  
Apparent 
mode 
25-27  
1.4-1. 6  
10-12  
7000-8000  
2700-2900  
2200-2400, 2800-3000  
7-8, 11-13  
25-30  
4.05  
10-20  Correlation coefficients for Allegan chondrules 
19 chondrules 
Cu  Ir  So  Sc  Cr  Mn  Na  Fe  Al 
Wt  0  0  0  0  0  0  0  0  0 
Al  0  0  0  0  0  .56  .92  0 
Fe  0  0  -.58  0  0  0  0 
Na  0  .38  -.38  0  0  .52 
Mn  0  0  0  0  0 
Cr  0  .38  0  .63 
Sc  0  .63  0 
Co  0  0 
Ir  0 Correlation coefficients for Forest City chondrules 
19 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fc 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
0 
0 
0 
.52 
.40 
0 
0 
0 
.63 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.61 
0 
0 
0 
0 
0 
0 
0 
0 
.42 
-.38 
.49 
0 
.36 
0 
0 
-.38 
- .53 
.66 
0 
.93 
.37 
0 
0 
0 Correlation coefficients for Miller chondrules 
17 chondrules 
Cu  Ir  So  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
0 
0 
0 
0 
.45 
0 
0 
0 
0 
0 
0 
0 
0 
.46 
.91 
0 
0 
0 
0 
0 
0 
.64 
0 
0 
0 
0 
-.62 
-.SO 
0 
0 
0 
0 
0 
0 
0 
0 
-.35 
.91 
0 
0 
0 
-.37 Correlation coefficients Richardton chondrules 
16 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
0 
.46 
0 
.47 
0 
0 
.76  , 
0 
.58 
0 
.58 
0 
0 
.60 
0 
0 
0 
0 
.48 
.45 
.56 
0 
0 
0 
0 
0 
0 
0 
.76 
0 
.71 
0 
0 
0 
.45 
0 
0 
.98 
0 
0 
0 
0 
Co  .60  .55 
Ir  . 61 
Cu  0 Correlation coefficients for Sindhri chondrules 
19 chondrules 
Cu  Ir  So  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Sc 
Co 
Ir  . 
-.45 
.38 
0 
0 
0 
0 
0 
.57 
0 
0 
0 
0 
.54 
0 
.63 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.48 
0 
.39 
0 
.45 
0 
.45 
.41 
0 
0 
-.72 
0 
0 
.43 
0 
0 
.47 
0 Correlation coefficients for all H5 cliondrules 
89 chondrales 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
.46 
0 
.34 
0 
.31 
46 
.45 
. 27 
-.19 
0 
0 
0 
0 
0 
.40 
.75 
0 
0 
0 
0 
0 
0 
.59 
0 
.20 
0 
0 
-. 27 
.19 
0 
.52 
0 
.41 
.28 
0 
0 
0 
-.22 
-.20 
.93 
.22 
0 
0 
-.19 255 
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25 chondrules 
Element  Simple  Error weighted  Apparent 
mean  mean  mode 
Mass (mg)  1.22 ± 19.3 
aSi (%)  22.2 ± 3.9  22-23 
Al (%)  1.20 ±.41  1.13 ± .42  1.0 -1.2 
Fe (%)  12.2 ±5.5  12.7 ± 5.5  12-13 
Ca (%)  1.52 ± . 62  1.2 -1.4 
cNi 
(%)  0.50 ± . 15  0. 20r. 30 
Na (ppm)  5890 ± 2440  3050 ± 3800  5000-7000 
Mn (PPm)  2830 ± 1090  1370 ± 1860 
Cr (PPIn)  3960 ± 810  3280 ± 1070  3800-4000 
Sc (ppm)  8.3 f 2.4  7. 1 ± 2.7  9-10 
Co (ppm)  146 ± 181  48:5 ± 207  60-120, .N.200 
Ir (ppm)  0.13 ± . 19  0.08 ± . 20  0 -.10 
cCu (ppm)  28.1  104, >50 
V (ppm)  78. 6  80-110 
a16 analyses 
b9 analyses 
c7 analyses 
d10 analyses Ngawi chondrules LL3 
10 chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Mass (mg)  1.82 f 2.30 
Al (%)  1.64  . 8 2  1.37 f . 8 7  1.4-1. 6 
Fe (%)  11.7 f 3. 6  7.8 ±5.4  12-13 
aCa 
(%)  2.37 f . 27 
Ni (%)  0.41  . 28 
Na (ppm)  8230 ± 2250  6380 f 2980  8000-9000 
Mn (13Prn)  2580 ± 890  4530 f 2410  2600-3000 
Cr (ppm)  3190 ±1320  2480 ± 1520  2800-3200 
Sc (ppm)  16.7 ±7.8  13.2 ± 8. 6  12-14 
Co (ppm)  124 ±100  62 ± 119  A00 
Ir (ppm)  0.15 f . 20  0. OS  ± . 22  0-.10 
Cu (ppm)  52 ±55  20 ± 65  <10 
a
V (ppm)  164 ± 15 
Gone chondrule 
three chondrules Summary of abundances for all LL3 chondrules 
31 chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Mass (mg) 
aSi (%) 
Al (%) 
Fe (%) 
b
Ca (%) 
c
Ni (%) 
Na (ppm) 
Mn (ppm) 
Cr (ppm) 
Sc (ppm) 
8.87 ± 16.56 
22.2 t 2.5 
1.35 1 . 60 
12.1 t4.9 
1,60 t .41 
0.43 ± . 19 
6650 1 2600 
2750 ± 1050 
3710 ± 1050 
11.0 16.1 
1.19 t 0.62 
12.2 t4.9 
3390 t 4210 
770 1 2300 
2960 1 1300 
7.7 t7.0 
21-23 
1.0-1.4 
12-13 
1.2-1.7 
0.2-0.3 
6000-7000 
2600-3000,3800 
3800-4000 
9-10 
Co (ppm) 
Ir (ppm) 
dCu (ppm) 
b V (ppm) 
139 1 158 
0.14 ± . 19 
32 t 41 
87 t 50 
52 1 181 
0.07 ± . 20 
100-125 
0-. 10 
0-10, 40-60 
80-110 
a16 analyses 
b10 values 
c 11 values 
d20 values Correlation coefficients for Chainpur chondrules LL3 
21 chondrules 
Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
0 
0 
0 
.43 
.36 
0 
0 
.91 
0 
0 
.43 
.49 
.53 
Al 
0 
0 
0 
0 
0 
0 
.39 
0 
0 
0 
.60 
.67 
-.43 
0 
0 
.75 
0 
0 
0 
0 
0 
0 Correlation coefficients for Ngawi chondro.les LL3 
10 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
AI 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
0 
0 
.59 
0 
0 
0 
0 
0 
.91 
0 
0 
0 
0 
0 
.85 
0 
.89 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.75 
.55 
0 
0 
.79 
0 
0 
0 
.93 
0 
0 
0 Correlation coefficients for all LL3 chondrules 
31 chondrules 
Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
0 
.46 
0 
.30 
.29 
0 
0 
.88 
0 
.36 
0 
.37 
.47 
.32 
0 
0 
.51 
0 
.48 
.31 
0 
0 
0 
0 
.43 
.64 
0 
0 
0 
.78 
0 
0 
0 
0 
0 
0 Soko Banj a chondrules LIA 
18 samples 
Element 
Mass (mg) 
a 
Si (%) 
Al (%) 
Fe (%) 
b 
Ca (%) 
Na (PPIn) 
Mn (ppm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (ppm) 
c Cu (ppm) 
by (ppm) 
a8 samples 
b4 values 
c10 samples 
Simple 
mean 
2.88 ± 1.86 
23.9 1 1.4 
1.35 1 0.36 
14.0 12.8 
2.25 ±1.40  
7970 f 2960  
3150 ± 1580  
4140 ± 3200  
11.7 f 6.1  
100 1 114  
1.5 f3.3  
7.9 ± 48  
78 ± 61  
Error weighted  Apparent 
mean  mode 
24-25  
1.25 f 0.38	  1.2-1.4 
11.2 f4.0	  14-15  
1-2  
4770 ± 4430  7000-8000  
2930 ± 1600  2600  
2980 ± 3420  3000  
8.00 ± 7.2	  8-10  
4.0 1 129	  40, >100  
0.06 ±3.6	  <.20  
72 ± 43  50-60  Correlation coefficients for Soko Banja chondrules LL4 
(18 chondrules) 
aCu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
0 
0 
.60 
0 
0 
0 
. 69 
0 
.70 
.39 
.10 
.72 
0 
0 
.55 
0 
0 
.40 
0 
0 
0 
0 
0 
0 
.61 
.47 
0 
0 
0 
.40 
.51 
0 
0 
0 
.80 
0 
0 
0 
0 
.52 
-.37 
0 
0 
a
For  Cu only 10 samples were used LLS chondrules 
Oli yenta 
18 chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Mass (mg)  1.29 *.97 
aSi (%)  24.4 f2.7  21-25 
Al (%)  1.33 ± . 69  0.76 f 0.90  1.2 -1. 6 
Fe (%)  13.1 ± 2.64  13.9 ±2.76  14-16 
Ca (%)  2.0 + . 1 
Na (ppm  8230 ± 3170  3210 ± 6060  7000-8000 
Mn ppm) 
Cr (ppm) 
2580 ± 210 
2510 ± 930 
2540 f 220 
1910 ± 1120 
2700-2800 
2400-2800( ?);.>3600 
Sc (ppm)  16.3 f 8.3  9.6  10.8  12-16 ( ?) 
Co (ppm)  98 ± 60  19 ± 100  130-170 
Cu (ppm) 
(PPnl) 
36 f 23 
0.12 ± . 09 
42 ± 24 
0.09 ± 0.09 
50-60 
<0.1 
bV (ppm)  141 
a12 chondrules 
1)1 chondrule Correlation coefficients for Olivenza chondrules LL5 
18 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
0 
0 
-.57 
.65 
0 
0 
0 
0 
.54 
0 
.58 
.64 
0 
0 
.43 
0 
.64 
0 
.69 
0 
.49 
.57 
0 
.64 
-.42 
.55 
0 
0 
0 
.48 
0 
.70 
0 
0 
0 
0 
-.38 
0 
.72 
0 
0  0 LL6 chondrules 
Cherokee Springs chondrules 
15 chondrules 
Element  Simple  Error weighted  Apparent 
mean  mean  mode 
Mass (mg)  19.34 
a Si (%)  20.5 ± 3. 7  20-22 
Al (%)  1.41 f . 22  1.29 f . 26  1. 2-1. 4 
Fe (%)  14.2 ± 2. 5  10.7 ± 4.4  15-17 
Ca (%)  2.1 ± 1. 4  1. 1-1. 4 
cNi 
(%)  0.53 ± .40 
Na (ppm)  7420 ± 1030  7070 ± 1090  7000-8000 
Mn ( PPm)  2590 ± 270  2460 ± 300  2600-2800 
Cr (ppm)  3150 ± 2780  1580 ± 321  1200._1400,6200 -6400 
Sc (ppm)  10.8 ± 5. 7  6.0 f 7.6  13 -16( ?) 
Co (ppm)  172 ± 167  91 ± 44  120-160 
Cr (ppm)  28 ± 13  0.26 ± 13  10-20 
Ir (ppm)  0.14 ± 0. 13  0.08 ± 0.14  0. 08-0. 10 
dV (ppm)  112 ±45  50-80 
all chondmles 
c3 chondrules 
b9 chondrules 
d10 chondrules 
N.) Correlation coefficients for Cherokee Springs LL6 
15 chondrules 
Cu  Ir  So  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
0 
0 
0 
0 
-.47 
0 
.46 
0 
.60 
0 
.55 
0 
0 
0 
.45 
.62 
.52 
.42 
0 
0 
.55 
0 
0 
0 
0 
0 
0 
0 
.58 
.55 
.49 
0 
-.74 
0 
0 
0 
.89 
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V frequency histogram for all LL chondrules Saratov chondmles IA 
2S chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Mass (mg)  3.34 ± 3.93 
Si (%)  24.7 ± 2.1  24-26 
Al (%)  1.32 1 0.29  1.21 ± 0.31  1.2-1.3 
Fe (%)  12.4 ±3.7  11.4 ±3.9  15-16 
a 
Ca (96)  1.24 
Na (ppm)  7970 ± 2260  7370 ± 2340  8000-9000 
Mn ( ppm)  3150 ± 410  3040 ±430  3200-3400 
Cr (ppm)  3600 ± 730  3330 ± 780  3800-4000 
Sc (ppm)  9.3 ± 2.9  5.2 ± 5.1  8-9 
Co (ppm)  72 ± 107  7.4 ± 130  (20 
Ir (ppm) )  0.10 ± .10  0.07 ± . 03  0.01- . 04 
Cu (ppm)  45 ± 34  52 ± 36  20- 40 
al chondrule Tennasih-n chondrules IA 
14 chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Mass (mg) 
a 
Si (%) 
Al (%) 
Fe (%) 
b
Ca (%) 
c
Ni (%) 
Na (ppm) 
Mn ( ppm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (ppm) 
Cu (ppm) 
b 
V (ppm) 
3.36 ± 3.93 
24.0 1 4.3 
1.30 ± .40 
24.1 ± 25.0 
1.85 ± 1.34 
2.57 ± . 11 
6830 ± 3360 
2560 1 1180 
3290 ± 1470 
9.3 ± 7. 1 
891 ± 1710 
1.65 ±  . 35 
87 ± 124 
123 ± 16 
1.11 ± . 50 
8.4 * 30.1 
6850 ± 7220 
510 ± 2430 
1550 ± 2330 
7.35 ± 7.45 
12 ± 1910 
0.03 ± 3.94 
24 ± 140 
23-26 
40.1, >1.0 
11-13, >20 
>5000 
2600-3200 
3800-4200 
8-9 
4100 
<0.1 
0-40 
a7 chondrules including two composite samples 
3 chondrules 
cl composite sample Average abundances for all L4 chondrules 
34 chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
Mass (mg) 
a
Si (%) 
Al (%) 
Fe (%) 
b 
Ca ( %) 
Na (ppm) 
Mn (PPm) 
Cr (PPm) 
Sc (ppm) 
Co (ppm) 
Ir (ppm) 
Cu (ppm) 
by (ppm) 
3.01 + 3.78 
24.5 + 2.6 
1.31 + .35 
16.7 + 16.1 
1.85 + 1.0 
7560 + 2730 
2930 + 820 
3490 + 1050 
9.3 ±4.7 
370 + 1080 
2.04 + . 58 
60 + 80 
123 + 20 
1.18 f 0.37 
9.8 + 17.5 
1120 + 7080 
930  , 2190 
2240 + 1640 
6.0 ±5.8 
8 + 1140 
0.07 + 0.21 
37 + 83 
24-25 
1.2-1.3 
9-12, 15-16 (others?) 
8000-9000 
2800-3400 
3800-4000 
8-9 
20-40 
4. 10 
20-40 
aAverage of 25 chondrules 
b
Average of 3 chondrules (including a composite sample .841-2.00 mm) 
N.) Correlation coefficients for Saratov chondrules IA 
25 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
0 
-.33 
.39 
0 
0 
-.39 
0 
0 
0 
.52 
.76 
0 
0 
0 
0 
.69 
.33 
0 
.73 
0 
0 
0 
.41 
0 
.43 
0 
.39 
0 
0 
0 
0 
0 
0 
.46 
0 
0 
- .40 
0 
0 
0 
0 
.35 
0 
-.36 
Ir  0 Correlation coefficients for Tennasilm chondrules 
19 chondrules 
a
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
.99 
0 
0 
0 
0 
.94 
. 67 
-.37 
-,44 
.70 
0 
0 
0 
-.59 
.66 
0 
0 
.93 
0 
0 
0 
0 
0 
.49 
0 
.51 
0 
.59 
0 
.62 
0 
.91 
.89 
0 
.54 
0 
.95 
0 
.57 
0 
0 
0 
0 
aFor Cu 16 samples were used Correlation coefficients for all IA chondrules 
39 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
AI 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
0 
-.33 
.94 
0 
0 
0 
0 
.89 
0 
-.31 
.69 
0 
0 
0 
0 
.66 
0 
-.26 
.93 
0 
0 
0 
0 
0 
.43 
0 
.68 
.57 
.64 
0 
.47 
0 
.82 
.86 
0 
.41 
0 
.92 
0 
.47 
0 
0 
0 
0 
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Co frequency histogram for all I,4 chondrules  Al Rais chondrules C2 Type II 
19 chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Wt (mg)  2.96 f 5.06 
Si (%)  19.9 15.0  19.9 ± 5. 0  20-24 
Al (%)  1.33 f .44  1.19 ± .46  1.2 -1.4 
Fe (%)  14. 6 ± 16.0  7.54 ± 17.5  4-6 
a
Ca (%)  1.08 
Na (ppm)  990 ,450  800 *490  800-1000 
Mn (PPrn)  2170 ± 1200  1090 1 1630  1500-2000 
Cr (ppm)  4310 1 1340  3430 ± 1620  3500-4500 
Sc (ppm)  11.6 1 3.8  10.1 14.1  11-12 
Co (ppm)  430 1 580  93 1 670  <200 
Cu (ppm)  73 129  51 137  40-60 
IT (ppm)  1.3 14.0  0. 29 14.2  0. 1-0. 2 
av (ppm)  114 
aone chondrule measured Kaba chondrules C2 (Type III) 
16 chondrules 
Element 
Wt (mg) 
aSi (%) 
Al (%) 
Fe (%) 
Ni (%) 
Na (ppm) 
Mn(PPm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (PPm) 
Cu (ppm) 
a.Value from one chondrule 
Value from three chondrules 
Simple 
mean 
1.39 ± 1.55 
16.9 
2.07 f 1.69 
10.9 f 6.0 
1.1 ±1.7 
3350 f 300 
1110 ± 600 
3320 f 1500 
10.6 ± 2. 6 
400 ± 230 
0.79 ± .45 
74 ±47 
Error weighted  Apparent 
mean  mode 
1.32 ± 1.85  1 -1.2 
11.7 f 6.0  11-13 
1910 f 3380  1000-2000 
820 ± 670  600-1000 
900  2900  2500-4500 
8.8 ± 3.1  10-12 
25 ± 450  400-450 
0.48 ± . 56  0. 7-1. 3 
21 ± 72  60-90 Mighei chondrules C2 (Type II) 
Element  Simple 
mean 
Errors weighted 
mean 
Apparent 
mode 
Wt  0.59 ± . 47 
Si (%)  19.3 1 3.1  19-20 
Al. (%)  1.37 f . 57  1. 26 f . 69  0.8 -1.0 
Fe ( %)  11.3 1 17.9  5.1 ± 19.0  6-8, 720 
Na (ppm)  950 ± 470  870 1 470  600-1200 
Mn (ppm)  1370 ± 960  1230 1 980  1000-1200 
Cr (ppm)  4220 1 2620  2230 ± 3350  3500-4000 
Sc (ppm)  19.9 1 8.3  15.0 ± 9. 7  420, >20 
Co (ppm)  84 ± 120  110 1 120  <50 
Ir (ppm)  0.47 1 0.28  0.19 1 0.41  <1, 
Cu (ppm)  52 ± 25  32 1 25  20-40 
aBased on 12 values Mokoia chondrules C2 (Type HI ) 
Element  Simples 
mean 
Error
b weighted 
mean 
Apparent 
mode 
Wt (mg) 
Si (%) 
Al (%) 
Fe (%) 
c
Ca (%) 
Ni (%) 
Na (ppm) 
Mn (PPin) 
Cr (PPni) 
Sc (ppm) 
Co (ppm) 
Cu (ppm) 
Ir (ppm) 
dv. 
(ppm) 
19.8 ± 20.0 
18.5 ± 2.6 
1.92 11.19 
12.2 f 6.2 
2.4 f.2 
1.43 ±. 36 
2330 ± 1310 
820 ± 350 
2830 ± 1080 
13.4 ± 5.3 
513 f 206 
66 ±41 
0:79 ± . 25 
280 f 20 
1.17 f 1.69 
19.1 f 1.8 
1.41 A .74 
12.3 ± 6. 2 
940 f 1380 
600 f 370 
1150 ± 2110 
8.3 ± 3.0 
174 f 370 
66 ± 44 
0.36 ± 0.44 
= 
18-20 
1. 2-1. 6 
13-14 
1000-2000 
600-1000 
2500-3000 
8.5 -10.5 
450-600 
<100 
0.7 -0.8 
280 
aBased on 18 chondrules 
Based on 10 chondrules 
c Based  on 2 values 
dBased on 3 values Murray chondrules C2 (Type II) 
Element 
Wt (mg) 
Si (%) 
Al (%) 
Fe ( %) 
Na (ppm) 
Mn (ppm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Cu (ppm) 
Jr (ppm) 
aBased on 12-13 values  
Based on 9 values  
Simples 
mean 
0.73 f .91 
21.22.1 1.9 
1. I.4aI . 59 
9.9 1 2.9 
610 1 270 
1630 1 820 
3730 ± 1040  
18 f 13  
190 f 200  
89 ± 45  
1.06 ± .26  
b 
Error weighted 
mean 
21.1 ± 1.9 
0.53 ± 1.14 
7.4 ± 3.9 
520 f 300 
1200 ± 620 
3800 ± 1020 
27 ± 6 
28 1 303 
67 ± 52 
0.06 1 0.32 
a
Apparent 
mode 
20-22 
0.60-. 8 
8-10 
<800 
<2000 
4400-4600 
<18 
<50 
40-60 
<0. 2 Renazzo chondrules C2 (Type H) 
15 chondrules 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Wt (mg) 
aSi (%) 
Al ( %) 
Fe (%) 
Ca (%) 
Na (ppm) 
Mn (PPnl) 
Cr (PP1n) 
Sc (ppm) 
Co (ppm) 
Ir (PPs) 
cCu (ppm) 
3.22 f 3.33 
11.4 ± 7.2 
1.38 ± . 65 
32.9 ± 27.8 
2.75 
3540 f 3180 
1960 f 980 
4030 f 4500 
10.9  13.4 
710 f 710 
0.33 f .23 
91 f45 
0.95 ± . 79 
0.88 ± 37.4 
890 ± 4200 
1250 f 1220 
890 ± 5500 
4.0 ± 15. 2 
230 ± 860 
0.15 f . 30 
67 ±51 
>10, <.10 
1.2-1.4 
(20, >30 
1000-2000, 4000-5000 
1000-1400;  300-3400 
6-8 
< 800, >800 
0. 20e. 25 
<80 
V (ppm)  296 
aAverage based on 8 values 
Value represents only one chondrule 
cAverage based on 6 analyses Santa Cruz chondrules C2 ( Type II) 
7 chondrules 
Element 
Wt 
Si 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
alr 
Cu 
aBased on 6 analyses 
Simple mean 
1.06* 1.33 
19.2± 2.1  
0.94± .33  
9. 5 ± 3.9  
1040 ± 350  
1240 ± 260  
4530± 1300  
12.0±4.3 
290 ±330 
0.25 ± .30  
48 ± 36  
Error weighteda 
mean 
0.68 ± 1.34 
7.5 ± 2. 5  
680 ±420  
1080 ± 330  
4120 ± 1390  
15.4 ± 11.9  
150 ± 360  
73 ±36 
Apparent 
mode 
22  
0.90-120  
7-9  
700-1000?  
1100-1300  
3000-5000  
8-12  
4200  
<0.5  
450  Summary of abundances for all C2 chondrules  (80 analyses) 
Element  Simple 
mean 
Error weighted 
mean 
Apparent 
mode 
Wt (mg) 
Si (%) 
Al (%) 
Fe (%) 
d
Ca (%) 
Ni ( %) 
Na (ppm) 
Mn (PPin) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Cu. (ppm) 
Tr (ppm) 
fV (ppm) 
18.2 ± 5.0a 
1.56  ±.98c 
15.3 ± 17 
3.1 ±1.5 
1.6 ±.6 
1590 ± 1720 
1490 ± 940 
3770 ± 1680 
12.4 ± 6.9 
420 ± 520 
68 ± 40 
2.8 ± 12.5 
188 ± 80 
0.99 ±1.14 
8.6 ± 17.7 
780 ± 1900 
890 ± 1120 
4120 ± 1710 
5.0 ± 10.2 
110 ± 61 
39 ± 50 
0.93 ± 12.7 
18-20 
1. 0-1. 2 
8-12 
2-3 
1-2. 2 
500-1000 
1000-1500 
2500-3000, 3500-4000 
10-11 
<100 
60-80 
0.1 -0.2 
260-300 
aAverage of 90 analyses 
bAverage of 38 analyses 
cAverage of 111 analyses 
dAverage of 5 analyses 
eAverage of 11 analyses 
(Average of 6 analyses 
LA) Summary of abtmdances for C2 Type II chondrules 
54 chondrules 
(Al Rais, Meighei, Murray, Renazzo and Santa Cruz) 
Element 
Mass (mg) 
Al (%)  
Fe (%)  
Na (ppm)  
Mn (ppm)  
Cr (ppm)  
Sc (ppm)  
Co (ppm)  
Cu (ppm)  
fr (ppm)  
Simple mean 
1.96  1 3.66 
1.37  1 .63  
16.0 ± 19.8  
1000  1 620  
1750  1990  
4100  1 1700  
13.6 18.1  
410  ± 620  
69  137  
3.7 1 15.1 
Error weighted mean 
0.88  1 .81  
7.0 1 21.8  
700  + 690  
1200  11130  
4120  1 1700  
3.9  ± 12.7 
110  1690  
50  140  
1.0  ± 15. 4  Summary of abundances in C2 type III chondrules 
26 chondmles (Kaba and Mokoia) 
Element 
Mass (mg) 
Al (%) 
Fe (%) 
Na (ppm) 
Mn (ppm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Cu (ppm) 
Ir (ppm) 
Simple mean 
2.08 1 1.80  
1.94 1 1.38  
11.6 1 6.0  
2810 1 2500  
970 ± 540  
3090 ± 1420  
10.2 ± 2.6  
430 ± 210  
67 146  
0.76 ± .38  
Error weighted mean 
1.36 ± 1.49  
12.1 ± 6.0  
1320 1 2930  
700 ± 600  
1030 1 2540  
8.6 ± 3.1  
29 1 460  
23 164  
0.39 1 .53  Correlation coefficients for Al Rais chondrules C2 (Type II) 
19 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al  Si 
Wt 
Si 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
0 
0 
0 
0 
.45 
0 
0 
0 
0 
0 
0 
0 
.56 
0 
0 
0 
0 
-.91 
0 
.98 
0 
0 
0 
0 
0 
0 
.61 
0 
0 
0 
0 
0 
.47 
0 
0 
0 
.90 
0 
.55 
0 
0 
.46 
0 
.42 
.48 
0 
0 
-.91 
0 
0 
0 
0 Correlation coefficients for Kaba chondrules C2 (Type II) 
16 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
0 
.44 
0 
0 
0 
.63 
0 
.79 
0 
0 
.50 
0 
0 
.59 
0 
.74 
0 
0 
0 
0 
0 
.97 
0 
0 
.61 
0 
0 
0 
.40 
0 
0 
0 
0 
.44 
0 
0 
0 
.63 
0 
.66 
0 
0 
.43 
0 
Ir  .'73 Correlation coefficients for Mighei chondrules C2 (Type II) 
12 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
0 
0 
0 
0.63 
.79 
.72 
0 
0 
0 
.55 
0 
0 
.62 
.76 
.53 
-.50 
0 
0 
.49 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.53 
0 
0 
.74 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Co  0  0 
1r  0 Correlation coefficients for Mokoia chondrules C2 (Type III) 
10 chondrules 
Cu  Jr  Co  Sc  Cr  Mn  Na  Fe  Al  Si 
Wt 
Si 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Jr 
0 
0 
0 
0 
0 
.58 
0 
.54 
0 
0 
0 
0 
.61 
0 
.85 
.56 
.80 
0 
.88 
0 
0 
.59 
.S2 
.79 
.46 
.84 
.51 
0 
0 
.48 
0 
0 
0 
.56 
0 
0 
.51 
0 
.69 
0 
0 
0 
0 
0 
0 
0 
0 
.62 
0 
0 
0 
0 
0 
0 
0 Correlation coefficients for Murray chondrules C2 (Type II) 
9 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al  Si 
Wt 
Si 
Al 
Fe 
Na 
Mn 
Cr 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.57 
.59 
0 
0 
-.55 
0 
0 
.98 
.54 
.64 
0 
.74 
0 
.69 
.56 
0 
0 
.54 
0 
0 
. 8 2 
.62 
.47 
0 
0 
0 
0 
.59 
0 
0 
0 
.77 
.91 
0 
0 
.90 
0 
0 
0 
Sc  .52  0  .60 
Co  0  0 
Ir  0 Correlation coefficients for Renazzo chondrules C2 (Type II) 
15 chondrules 
aCu 
Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Jr 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.42 
0 
0 
0 
.54 
0 
0 
.66 
0 
.48 
0 
0 
0 
.42 
.72 
.48 
.62 
.94 
0 
0 
.54 
.44 
.56 
0 
.50 
.61 
.48 
0 
.72 
0 
0 
0 
0 
acu correlations based on 8 chondrules Correlation coefficients for all C2 chondrules 
80 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al  Si 
Wt 
a 
Si 
AI 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
0 
0 
.35 
.28 
:30 
.49 
0 
.39 
.40 
0 
0 
0 
0 
0 
0 
0 
0 
.21 
-.64 
.27 
.85 
0 
.28 
-.30 
.24 
0 
0 
.48 
.20 
.23 
.41 
0 
0 
0 
-.27 
.22 
-.27 
.28 
0 
.39 
.20 
.22 
.22 
0 
0 
.66 
.23 
.17 
-.75 
0 
0 
0 
0 
Ir  . 19 
a38 chondrules used  Si from Al Rais, Murray, Mokoia Correlation coefficients-for C2 chondrules Type H 
54 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
.25 
.28 
.48 
0 
. 29 
.27 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.88 
0 
.25 
-.33 
0 
0 
.64 
.30 
. 26 
.34 
0 
0 
0 
-.27 
0 
.41 
0 
.26 
0 
..33 
0 
.49 
0 
0 
0 
0 Correlation coefficients for C2 type III chondrules 
26 chondrules 
Cu  Ir  So  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
.41 
0 
.42 
.39 
.64 
.33 
.76 
.76 
0 
0 
a .34 
.37 
0 
.69 
.37 
.81 
0 
0 
.33a 
.37 
0 
.87 
.40 
0 
.55 
0 
0 
0 
.45 
0 
0 
0 
.37 
.45 
0 
0. 
0 
.65 
0 
. 66 
0 
0 
0 
0 
aThe unweighted correlation coefficients are considerably stronger Allende chondrulesa C3 (Type III -v) 
61 chondrules 
Element 
Wt (mg) 
Al (%) 
Fe (%) 
Ni (96) 
Na (ppm) 
Mn (PPm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Ir (PPin) 
aAnalyses by Warren (1972) 
Simple mean 
6.76 ± 16.75 
2.86 ± 2.83  
9.7 ± 3.6  
.0.6 ±.51  
6100 ± 3600  
1140 ± 810  
4300 ± 2100  
22 t 21  
250 1 200  
0.66 ± 1. 08  
Error weighted 
mean 
1.71 ± 3.06 
8.44 ± 3.77 
0.4  .55  
3480 ± 4460  
260 1 1200  
3340 ± 2310  
16.5 ± 21.6  
99 1 250  
0.28 1 1. 14  
Apparent 
mode 
1. 7-1. 8  
8-9  
<0.1  
6000-8000  
700-800  
3000-4000  
15-18  
100-300  
<0.10 Felix chondrules C3 (Type III-o) 
17 chondrules 
Element  Simple mean  Error weighted mean 
Wt (mg) 
a
Si (%) 
Al (%) 
Fe (%) 
Na (ppm) 
Mn (PPm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Cu (ppm) 
IT (ppm) 
0.33 f .17 
20.6 ± 3.5 
2.02 ± .86 
14.1 ± 12.6 
5190 f 2270 
1100 ± 470 
3400 f 990 
13.7 f 6.4 
580 ± 860 
190 ± 310 
0.63 ± .41 
1.45 ± 1.04 
8.6 ± 1.4 
1090 ± 4800 
4200 f 8400 
2430 f 1410 
10.7 f 7.1 
180 f 960 
88 f 330 
0.33 ± . 51 
aAverage of one large chondrule and three composite samples of different mesh sizes Lanc4 chondrules C3 (Type III-o) 
10 chondrules 
Element 
Wt (mg) 
aSi (%) 
Al (%) 
Fe (%) 
Na (ppm) 
Mn (ppm) 
Cr (PPIn) 
Sc (ppm) 
Co (ppm) 
Cu (ppm) 
Ir (ppm) 
aAverage of two values 
Simple mean 
0.82 + 0.63 
20.4 t1.5 
2.45 + 1.16  
11.0 + 5.7  
6140 f 2080  
1410 + 560  
3020 ± 850  
17.3 + 9.4  
160 + 89  
32 + 64  
0.56 f . 39  
Error weighted mean 
1.74 + 1.39  
9.5 f 5.9  
5230 +2290  
960 + 730  
2600 + 960  
9.3 + 12.7  
34 + 160  
39 + 42  
0.40 +.51 Ornans chondrules C3 (Type III -o) 
20 chondrules 
Element 
Wt (mg) 
aSi (%) 
AI (%) 
Fe (%) 
Na (ppm) 
Mn (PPm) 
Cr (13Pm) 
Sc (PPm) 
Co (ppm) 
Cu (ppm) 
Ir (PM) 
Simple mean 
0.65 ± .49  
19.7 ± 1.8 
1.81 ± .83  
17.8 ±7.7  
6810 ±4290  
1600 ± 770  
4340 ± 1510  
14.4 ± 6.7  
630 ± 440  
185 ± 172  
0.86 ±.96 
Error weighted mean 
1.34 ± .96  
14.7 ±8.3  
5070 ± 4640  
810 ± 240  
3060 ± 2000  
8.4 ±9.1  
304 ± 550  
170 ± 170  
0.31 ± 1.11  Vigarano chondnaes C3 (Type III-V) 
7 chondrules 
Element 
Wt (rag) 
Al (%) 
Fe (%) 
Na (ppm) 
Mn (PPm) 
Cr (ppm) 
Sc (ppm) 
Co (ppm) 
Cu (ppm) 
Ir (PP2n) 
Simple mean 
0.72 ± .58  
2.71 ± 1.95  
10.4 ± 3.6  
3150 ± 2540  
880 1 230  
2450 ± 690  
14.9 ± 12.2  
195 ± 145  
92 ±38  
1.4 ± 1. 7  
Error weighted mean 
1.83 ± 2.17  
6.31 1 5. 67  
2170 1 2750  
810 1 240  
1820 ± 970  
6.3 ± 15.3  
76 ± 190  
76 141  
0.9 ±1.8  327 
Averages of C3 chondrules, Oman subgroup (Ornans, Felix and Lancei. 
Element  Simple mean  Error weighted 
mean 
Si (%)  20.2 ± 2.1 
Al (%)  2.03 ± . 93  1.45 ± 1.10 
Fe (%)  15.0 ± 9.7  10.9 ± 10.6 
Na (ppm)  6080 ± 3280  5070 ± 4640 
Mn (ppm)  1380 ± 6580  1180 ± 830 
Cr (ppm)  3720 ± 1310  3060 ± 2000 
Sc (ppm)  14.8 ± 7.2  9.2 ± 9.1 
Co (ppm)  510 ..610  175 ± 700 
Cu (ppm)  160 ± 220  54 ± 250 
Ir (ppm)  0.71 ± , 69  0.33 ± . 79 Averages of Type  chondrulesa 
(Allende and Vigarano) 
68 chondrules 
Element  Simple mean 
Al ( %)  2.85 ± 2.74 
Fe (%)  9.75 ± 3. 54 
Ni (%)  0.61 ± .5/ 
Na (ppm)  5640 ± 4000 
Mn (ppm)  1120 ± 780 
Cr (PPrn)  4130 ± 2000 
Sc (ppm)  21 ±20 
Co (ppm)  250 ± 200 
cCu (ppm)  92 ± 38 
Ir (ppm)  0.74 ±1.16 
Error weighted mean 
1.72 ± 2.97 
8.3 ± 3. 8 
0.40 ± .55 
265 ± 1160 
15.8 ± 21.0 
97 ± 250 
76 ±41 
0.30 ± 1.24 
a61 analyses of Allende chondrules by Warren (1972) are included here and 7 analyses of Vigarano; therefore, the 
average is weighted in favor of Allende. 
Allende analyses only. 
cVigarano analyses only. Correlation coefficients for Allende chondrules C3 (Type III-v) 
61 chondrules 
Ni  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
.57 
.37 
0 
. 28 
0 
.96 
0 
0.33 
.85 
0 
.25 
0 
.21 
.53 
;23 
0 
0 
.60 
.37 
.34 
.41 
0 
.41 
.90 
-. 27 
.40 
0 
0 
0 
0 
.50 
.33 
.71 
0 
0 
.43 
.53 
0 
.58 
0 
0 
0 
.32 Correlation coefficients for Lance C3 (Type 
10 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
0 
0 
0 
0 
-.55 
.68 
0 
.79 
0 
0 
.63 
.56 
0 
.62 
0 
0 
0 
0 
.99 
0 
74 
0 
0 
0 
.61 
0 
.66 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.79 
0 
0 
0 
0 
Ir  0 Correlation coefficients for Felix chondrules 13 (Type 11I-0) 
17 c.hondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
0 
0 
0 
.48 
0 
0 
0 
0 
.77 
.99 
.56 
0 
0 
.56 
0 
0 
.99 
0 
0 
0 
0 
0 
.85 
0 
.58 
.46 
0 
0 
0 
0 
.76 
.89 
0 
.48 
0 
.82 
0 
.70 
0 
0 
0 
0 
Co  .98  .42 
Ir  0 Correlation coefficients for Ornans C3 (Type III-0) 
20 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
.55 
0 
.43 
0 
0 
0 
0 
.77 
0 
0 
.42 
0 
-.39 
0 
0 
0.40 
0 
0 
.64 
0 
0 
0 
0 
0 
.67 
0 
.66 
0 
0.63 
0 
0 
0 
0 
0.42 
0 
.47 
0 
0.43 
0 
.88 
0 
0 
0 
0 
Ir  0 Correlation coefficients for Vigarano C3 (Type III-v) 
7 chondrules 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.71 
0 
0 
.74 
0 
.93 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.88 
0 
0 
0 
0 
Ir  0 Correlation coefficients for all C3 chondrules 
11S chondrules 
aNi 
b Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
.57 
.37 
0 
. 28 
0 
.96 
0 
0 
0 
.82 
0 
0 
. 24 
0 
.96 
.22 
.23 
.67 
.78 
.28 
0 
.21 
.70 
.19 
0 
0 
.83 
.30 
.23 
.41 
0 
.42 
.87 
-.21 
0 
0 
0 
-.17 
0 
.38 
.80 
.63 
0 
.20 
.23 
.60 
0 
.24 
.23 
0 
-.19 
.33 
aBased on Allende correlations only 
bBased on C3 chondrules excluding Allende chondrules Correlation coefficients for C3 Ornans subgroup (Type III) chondrules from Felix, Lance and Ornans chondrites 
47 chondrules 
Cu  Ir  Co  Sc  Cr  Mn.  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
0.82 
0 
0 
0 
0 
.98 
.31 
0 
.31 
.47 
.41 
0 
0 
.27 
.36 
0 
0 
.88 
.27 
0 
.27 
0 
0 
.70 
0 
.70 
.47 
.45 
0 
0 
0 
.49 
.63 
0 
.43 
0 
.73 
0 
.74 
0 
0 
0 
0 Correlation coefficients for C3 Vigarano subgroup (Type III) chondrules from Allende and Vigarano chondrites 
68 chondrules 
Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
.26 
.75 
0 
.39 
0 
. 20 
.80 
.20 
0 
0 
.60 
0 
.35 
.24 
0 
.41 
.89 
-.26 
.33 
0 
0 
0 
0 
.29 
.33 
.35 
0 
0 
.44 
.60 
0 
.55 
0 
0 
0 
.32 Karoonda chondrules C4 (Type III) 
16 chondrules 
Element 
Wt (mg) 
Si (%) 
Al (%) 
Fe (96) 
a
Ni (96)  
Ca (%)  
Na (ppm)  
Mn (ppm)  
Cr (PPin) 
Sc (ppm) 
Co (ppm) 
(PPm)  
Cu (ppm)  
V (ppm)  
a5 values  
b2  values 
Mason and Wiik (1962 
gSimple mean  gError weighted 
mean 
1.76 + 2.58 
15.4 + 2.1 
1.01 + .64	  0,72 + . 72 
24.7 + 5. 1	  26.9 ±5.6 
2.3 ± .8 
3. 5  t 5 
1690 + 1130  1060 + 1310 
1330 + 110  1310  110 
3260 +930  2740 + 1080 
11.7 + 4.8	  9.9 + 5. 2 
870 + 300  460 f 520 
0.92 ±.44	  0.80 + .46 
170 f 102  143 f 106 
187 + 57 
dLoveland et al. (1967)  
eSchmitt et al. (1967)  
Average abundance of type II and II  
chondrites from Mason (1963) 
Apparent  Whole rock 
mode  abundances 
15.6c 
1.43d 
21-22  22. 6c 
1. 28f 
1.51f 
.1400  3360c 
1200-1400  1330e 
3000-3200  3770e 
8-1.1  10. 2e 
500, >1000  6130e 
1-1. 2	  0. 64 g 
100e 
80-100 
84.7h 
gEhman et al. (1970) 
This excludes chondrule #12 with 22.5% Al, 250 ppm Sc, 
23.9 ppm Ir, and 7.8% Fe 
h Greenland and Lovering (1965) 
cCorrelation coefficients for Karoonda C4 
16 chondrules
a 
Cu  Ir  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
.44 
0 
0 
.52 
0 
.56 
.47 
0 
.28 
0 
0 
-.41 
0 
0 
.46 
0 
0 
0 
0 
0 
.7S 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
-.43 
.13 
-.34 
0 
.94 
-.54 
0 
-.54 
0 
aThis correlation set excludes chondrule #12 which had 22.5% Al present Correlation coefficients for Karoonda C4-Ba 
17 chondrules 
Cu  Jr  Co  Sc  Cr  Mn  Na  Fe  Al 
Wt 
Al 
Fe 
Na 
Mn 
Cr 
Sc 
Co 
Ir 
0 
0 
.43 
0 
.54 
.30 
0 
.57 
0 
0 
.99 
-.67 
0 
0 
.52 
.99 
0 
0 
0 
0 
0 
.77 
.67 
0 
0 
.99 
-.68 
0 
0 
.S4 
0 
-. S2 
.41 
0 
.51 
0 
0 
0 
0 
0 
0 
0 
0 
-.71 
0 
aThis set of correlation coefficients includes chondrule #12 with 22.5% Al 340 
10 
5 
0 
15 
1.0  2.0 
A1 (%) 
Al in Type II1C2 chondrules 
3.0  4 0  S 0 6.0 7.7 
10 
5 
I  I I  g  1 r r
1 r 
r 
0  1 . 0  2.0  3.0 
Al (%)  
Al in Type II C2 chondrules  10 
5  
P4 
0  10  15  20  35 40  4S  70  75  80 94  
Fe (%)  
Fe in Type H C2 chondrules  15 
10 
5 
100 
0  5 
r 
10  15 
Fe (96) 
Fe in Type III C2 chondnales 
2S 0  3.0  4.0  5.0 6.3 1.0  2.0 
Al (%) 
Al frequency histogram for C3 chondrules (excluding Allende) 10 
20  25  34  4S.7  61 0  S  10 15 
Fe (%) 
Fe frequency histogram for C3 chondrules (excluding Allende) 20 
10 
n  
0  1.0  2.0  3.0  4.0  5.0  6.0 
Al (96) 
Al frequency histogram for Allende chondrulesa 
aAnalyses by Warren (1972) and Zellmer and Schmitt (unpublished work) 10 
I  I I  I  I I I  i i  i  
5  10  15  18  
Fe (%)  
Fe frequency histogram for Allende chondrules C3  15 
10 
1111111111 
5000  10000  15000  20000' 
Na (PP1n) 
Na frequency histogram for C3 chondrules (excluding Allende) 348 
APPENDIX III  
COMPOSITION OF THE LUNAR SPHERES  Elemental abundances in glass spheres from Apollo 11 
1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22 
Si (C)  19.4  21.6  19.6  21.4  19.7  17.3  14.0  21.2  19.2  21.2  19.0  21.2  20.9  21.8  21.3  18.3  18.2  18.0  18.2  18.2  18.2  18.2 
Al (,. ) 
Fe (,) 
4.73 
16.9 
10.3 
8.8 
7.78 
11.6 
45.7 
4.7 
5.98 
13.1 
8.94 
11.3 
12.1 
9.3 
10.0 
7.2 
4.49 
14.9 
8.52 
9.5 
9.31 
10.1 
18.0 
0.13 
12.9 
2.42 
7.79 
11.4 
3.74 
16.9 
2.70 
18.2 
2.95 
18.0 
2.84 
18.3 
2.76 
18.1 
2.70 
18.1 
2.86 
18.0 
2.84 
18.1 
Na (ppm)  1780  3630  4150  2070  2070  300  590  5710  3630  6000  440  5040  12600  1.930  1180  2000  2070  1630  2000  2370  2370  2300 
Mn (ppm )  1860  1470  1550  670  1550  1320  1080  850  1630  1700  1780  '310  620  1470  2090  2710  2480  2550  2480  2480  2550  2400 
Cr (Pm)  3280  2530  2460  1230  2190  1160  1030  1500  2190  2390  1570  e200  340  2400  2670  3830  3560  3560  3560  3630  3490  3420 
Analyses #1-11, by Agrell et al.  (1970),  oxides converted to weight percent 
23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44 
Si CO  18.5  18.7  18.0  20.3  19.8  20.3  23.6  20.1  19.2  18.7  18.8  18.3  20.0  19.0  18.3  18.1  18.3  18.1  18.1  18.0  IS. 8  17.9 
Al (%)  6.94  7.64  8.62  7.12  9.00  7.62  1.71  17.5  8.95  8.15  8.33  8.26  6.14  5.64  5.48  2.79  2.69  2.66  2.14  2.14  5.19  5.18 
Fe ( °;)  12.8  11.6  10.8  13.6  9.2  13.0  16.9  1.89  10.9  11.7  12.2  11.7  13.3  14.3  14.1  18.1  18.2  18.4  18.3  18.1  12.4  17.9 
Na (ppm)  370  '300  <300  3350  2820  <-300  890  520  670  740  370  370  4080  2220  520  2070  2740  2070  2000  2070  518  17.80 
Mn (ppm) )
Cr (ppm) 
1700 
1570 
1700 
1300 
1550 
1160 
1860 
1780 
1700 
1570 
1940 
1030 
2320 
1570 
230 
270 
1470 
1500 
1780 
1370 
1390 
1370 
1470 
1300 
2010 
1980 
2090 
2330 
1780 
1980 
2480 
3560 
2630 
3690 
2710 
3560 
2550 
3760 
2710 
3490 
2090 
1300 
2550 
3420 
Analyses, 12-15; by Lovering and Ware (1970), oxides converted to weight percent, clean glasses 
Analyses, 16-22; by Lovering and Ware (1970), oxides converted to weight percent, red-brown glass 
Analyses, 23-25; by Lovering and Ware (1970), oxides converted to weight percent, yellow glass 
Analyses, 26-29; by Lovering and Ware (1970), oxides converted to weight percent, brown glass 
Analyses, 30-37; by Lovering and Ware (1970) oxides converted to weight percent; non magnetic >350 la fraction of lunar fines 
Analyses, 38-54; by Lovering and Ware (1970) oxides converted to weight percent; non magneti - 90-100/2 fraction of lunar fines 
Analyses; 55-60; by Lovering and Ware (1970); oxides converted to weight percent; magnetic 80-90 u fraction of lunar fines 
45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 
Si (,)  17.4  16.1  17.6  19.6  18.7  18.0  19.9  18.3  18.1  18.2  21.6  21.9  19.1  11.7  18.0  18.0  20.1  20.4  20.4  20.5  20.4  20.3 
Al ( '  )  4.65  4.58  4.07  3.69  4.07  3.02  4.95  2.67  2.66  2. 66  8.50  8.86  9.81  12. 2  2.68  2.76  13.9  14.0  13.9  13.9  13.8  13.5 
Fe ('  )  11.6  11.3  10.8  12.5  14 7  17.8  14.7  18.5  17.9  18.6  10.5  8.35  10.5  9.25  18.7  18.3  3.6  4.1  4.2  4.3  4.4  4.4 
Na (ppm)  '300  300  300  300  1480  2220  1480  1560  3110  1040  300  5190  2590  300  2070  3300  1100  1850  2370  1780  1780  1560 
Mn(ppm)  1780  1700  1700  1550  2550  2710  2170  2710  2710  2710  1630  1550  390  1470  2480  2630  540  770  540  700  770  770 
Cr (ppm)  1030  960  1300  1780  2260  3560  1850  3690  3690  3830  <210  19 20  960  '210  3560  3560  680  750  750  320  820  820 
67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83 
Si ( - )  20.5  21.8  19.7  19.9  23.2  21.2  19.3  23.7  19.4  16.6  19.1  18.7  18.8  18.1  18.9  18.4  18.7 
Al)' )  13.4  11.2  13.8  12.3  9.05  10.3  8.68  8.15  8.63  9.42  8.25  8.20  7.99  8.20  7.62  7.14  7.08 
Fe (  )  4.6  4.7  5.7  5.9  7.6  7.9  9.8  7.7  10.1  10.6  10.7  11.0  11.0  11.3  11.9  12.4  12.6 
Na (ppm)  1040  2670  1700  1560  3780  1630  1040  7780  1110  960  890  590  1190  1260  1410  890  300 
Mn (ppm) )  700  770  930  1010  1320  1550  1550  1240  1700  1860  1780  1780  2010  2010  2170  2090  2090 
Cr (ppm)  750  1160  820  1030  1090  1710  1710  1710  1300  1710  1710  1850  1850  1570  1570  1980  2120 
Analyses 61-73; by Prinz (1971), oxides converted to weight percent, green glass for Apollo 11 fines 
Analyses 74-83 by Prinz (1971), oxides converted to weight percent, orange glass for Apollo 11 fines 350 
Correlation coefficients for 83 glass spheres from Apollo  11 
Mn  Cr Si  Fe  Al Na 
-.61  .86  0  .84 Cr  -.20  1 
1 Mn  -.37  -.74  .93  -.17 
Na  .45 0  -.20  1 
Al  -.38  -.76  1 
Fe .28  1 
Si  1 
Correlation coefficients for 6 magnetic spheres 80-90p fraction of Apollo 11 fines 
Cr Si  Fe  Al  Na Mn 
1 Cr  0 -.92  .86  0  .73 
Mn  0 -.80  .77  0  1 
0 1 Na 0  0 
Al  -.62  -.94  1 
Fe 0  1 
Si  1 
350 u fraction of Apollo 11 fines Correlation coefficients for 8 non magnetic spheres 
Mn  Cr Si Fe  Al  Na 
Cr  0  .-.94  .96 , 
0  .94  1 
Mn  0 -.97  .96  0  1 
Na 0 -.38 0  1 
Al  -.57  -1.00  1 
Fe 0  1 
Si  1 Correlation coefficients for 17 non magnetic spheres from 90-100 p fraction of Apollo 11 fines 
Si  Fe  Al  Na  Mn  Cr 
Cr 
Mn 
Na 
Al 
Fe 
Si 
0 
0 
0 
0 
0 
1 
-.77 
-.62 
-. 61 
-.71 
1 
.98 
.93 
.84 
.1 
.84 
.84 
1 
.91 
1 
1 10 
10  20  25 26  45  46 
Al (94) 
Frequency distribution for Al in Apollo 11 glass spheres 10 
I  I  I  I- I  r  t 
0  1  2  3  4  5  6  7  8  9  10 11  12  13  14  15 16  17 18  19  20 
Fe (9) 
Frequency distribution for Fe in Apollo 11 glass spheres 354 
APPENDIX IV 
Chemical abundances in USGS standard rocks 
BCR  GSP 
Element  This work  Others  This work  Others 
Si (%)  24.0 ± . 3  .0a 24.0a  f . 3  29.7a 
Al (%)  7. 25 ± . 15 
a
7. 25  8.14 ± . 17  8. 10a 
Fe (%)  9.1 f.1  -9.0 ± . 2
b 
2.9 ± . 1  2.8 ±-. 1 
Ca (%)  5.0  . 2  4.94a  1.52 ±.. 05  1.48a 
Na (%)  2.41 ± .04  2.40 ± .05b  2.12 1 .04  2. 1 ± . 2
b 
Mn (ppm)  1330 ± 50  1300 1 70
b 
260 ± 20  264 f 16
b 
Cr (ppm)  15 ± 3  19b 19  17 f 3  48b 
Sc (ppm)  33.0 ± . 5  32.5 ± 7
b 
6.1 ± . 1  6.0 ± . 3
b 
Co (ppm)  38  1  36. 3  . 7 
b  7.5  . 5  7.0  ± .4b 
K (% )  4. 6  4.56a 
Rb (ppm)  260 ± 15  255a 
Cs (ppm)  0.75 ± .05  0.8 ± lb 
V (ppm)  55 ± 4  30-70a 
Ir (ppm) 
aFlanagan (1967) 
b 
Gorden et al. (1968) 